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Important note: Medicine is an ever-changing 
science undergoing continual development. 
Research and clinical experience are continu- 
ally expanding our knowledge, in particular our 
knowledge of proper treatment and drug thera- 
py. Insofar as this book mentions any dosage or 
application, readers may rest assured that the 
authors, editors, and publishers have made every 
effort to ensure that such references are in accor- 
dance with the state of knowledge at the time of 
production of the book. 

Nevertheless, this does not involve, imply, or 
express any guarantee or responsibility on the 
part of the publishers in respect to any dosage 
instructions and forms of applications stated in 
the book. 

Every user is requested to examine carefully the 
manufacturers’ leaflets accompanying each drug 
and to check, if necessary in consultation with 
a physician or specialist, whether the dosage 
schedules mentioned therein or the contraindi- 
cations stated by the manufacturers differ from 
the statements made in the present book. Such 
examination is particularly important with drugs 
that are either rarely used or have been newly re- 
leased on the market. Every dosage schedule or 
every form of application used is entirely at the 
user's own risk and responsibility. The authors 
and publishers request every user to report to the 
publishers any discrepancies or inaccuracies no- 
ticed. If errors in this work are found after publi- 
cation, errata will be posted at www.thieme.com 
on the product description page. 


Some of the product names, patents, and regis- 
tered designs referred to in this book are in fact 
registered trademarks or proprietary names even 
though specific reference to this fact is not always 
made in the text. Therefore, the appearance of a 
name without designation as proprietary is not 
to be construed as a representation by the pub- 
lisher that it is in the public domain. 


This book, including all parts thereof, is legally 
protected by copyright. Any use, exploitation, or 
commercialization outside the narrow limits set 
by copyright legislation, without the publisher's 
consent, is illegal and liable to prosecution. This 
applies in particular to photostat reproduction, 
copying, mimeographing, preparation of micro- 
films, and electronic data processing and storage. 


Dedicated to the memory of Jane Higdon (1958-2006), 
scholar, athlete, and compassionate advocate of healthful eating 
and exercise. 
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Foreword 


An Evidence-based Approach to Vitamins and Min- 
erals: Health Benefits and Intake Recommenda- 
tions by Dr. Jane Higdon and Dr. Victoria Drake 
provides a much needed source of authoritative 
information on the role of micronutrients in 
health promotion and in disease prevention and 
treatment. The book is especially important be- 
cause of the potential health benefits of tuning 
up people’s micronutrient metabolism, particu- 
larly those with inadequate diets, such as the 
many low-income and elderly people. A meta- 
bolic tune-up is likely to have enormous health 
benefits but is currently not being addressed ad- 
equately by the medical community. 

Maximum health and life span require meta- 
bolic harmony. It is commonly thought that 
Americans’ intake of the more than 40 essential 
micronutrients (vitamins, minerals, and other 
biochemicals that humans require) is adequate. 
Classic deficiency diseases such as scurvy, beri- 
beri, pernicious anemia, and rickets are rare, but 
the evidence suggests that metabolic damage oc 
curs at intake levels between the level causing 
acute micronutrient deficiency diseases and the 
recommended dietary allowances (RDAs). When 
one input in the metabolic network is inade- 
quate, repercussions are felt on a large number of 
systems and can lead to degenerative disease. 
This may, for example, result in an increase in 
DNA damage (and possibly cancer), neuron decay 
(and possibly cognitive dysfunction), or mito- 
chondrial decay (and possibly accelerated aging 
and degenerative diseases). The optimum 
amount of folate or zinc that is truly “required” is 
the amount that minimizes DNA damage and 
maximizes a healthy life span, which is higher 
than the amount to prevent acute disease. Vita- 
min and metabolite requirements of older people 
are likely to differ from those of younger people, 
but this issue has not been seriously examined. 
An optimal intake of micronutrients and metab- 
olites will also vary with genetic constitution. A 
tune-up of micronutrient metabolism should 
give a marked increase in health at little cost. It is 
inexcusable that anyone in the world should have 


an inadequate intake of a vitamin or mineral, at 
great cost to that person’s health, when a year’s 
supply of a daily multivitamin/multimineral pill 
as insurance against deficiencies costs less thana 
few packs of cigarettes. Low-income populations, 
in general, are the most likely to have poor diets 
and have the most to gain from multivitamin/ 
multimineral supplementation. As Hippocrates 
said: “Leave your drugs in the chemist’s pot if you 
can heal the patient with food.” 

Although many degenerative diseases will 
benefit from optimal nutrition, and optimal nu- 
trition clearly involves more than adequate mi- 
cronutrients, there are several important reasons 
for focusing on micronutrients and health, par- 
ticularly DNA damage: (1) More than 20 years of 
efforts to improve the American diet have not 
been notably successful, though this work must 
continue. A parallel approach focusing on micro- 
nutrient intake is overdue and might be more 
successful, since it should be easier to convince 
people to take a multivitamin/multimineral pill 
as insurance against ill health than to change 
their diet significantly. (2) A multivitamin/multi- 
mineral pill is inexpensive, is recognized as safe, 
and supplies the range of vitamins and minerals 
that a person requires, though not the essential 
fatty acids. Fortification of food is another ap- 
proach that is useful, but its implementation has 
been very slow, as with folic acid fortification. 
Moreover, fortification of food does not allow for 
differences between individuals. For example, 
menstruating women need more iron than men 
or postmenopausal women, who may be getting 
too much. That is why two types of vitamin pills 
are marketed, one with iron and one without. 
With better knowledge it seems likely that a 
broader variety of multivitamin/multimineral 
pills will be developed, reflecting such life-stage 
differences, 

The above issues and many others discussed 
in this book highlight the need to educate the 
public about the crucial importance of optimal 
nutrition and the potential health benefits of 
something as simple and affordable as a daily 


multivitamin/multimineral supplement. The nu- 
merous advances in the science of nutrition and 
changing ideas about optimal intakes of micro- 
nutrients make An Evidence-based Approach to 
Vitamins and Minerals: Health Benefits and Intake 
Recommendations an excellent and timely re- 
source. Dr. Higdon, who had a background in 
health care and nutrition science, and Dr. Drake, 
who has an expertise in toxicology and nutrition, 
have synthesized a large amount of recent scien- 
tific research on vitamins and nutritionally es- 
sential minerals into an organized volume that 
includes information on optimal micronutrient 
intakes to prevent and treat chronic diseases, The 
book also contains much needed and up-to-date 
information on safety and drug interactions of 
vitamins and minerals. The credibility of this 
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book is enhanced by the fact that it is endorsed 
by the Linus Pauling Institute at Oregon State 
University and that each chapter has been criti- 
cally reviewed by a recognized expert in the field. 
Tuning up the metabolism to maximize human 
health will require scientists, clinicians, and edu- 
cators to abandon outdated paradigms of micro- 
nutrients merely preventing deficiency disease 
and to explore more meaningful ways to prevent 
chronic disease and achieve optimal health 
through optimal nutrition. 


Bruce N. Ames, PhD 

University of California, Berkeley 

Children’s Hospital Oakland Research Institute 
Oakland, California 
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Preface to the Second Edition 


I am honored to revise and update Dr. Jane Hig- 
don’s book, An Evidence-based Approach to Vita- 
mins and Minerals: Health Benefits and Intake 
Recommendations. Since the first edition was 
published in 2003, there has been a dramatic ex- 
pansion of the literature on the role of micronu- 
trients in human health and disease. In this sec 
ond edition, all 27 chapters have been revised to 
incorporate information from the relevant, more 
recently published peer-reviewed studies, espe- 
cially studies with human subjects. This edition 
includes the latest recommendations by the Food 
and Nutrition Board (FNB) of the Institute of 
Medicine: the FNB established new dietary refer- 
ence intakes for potassium and sodium in 2004 
and revised their recommendations for calcium 
and vitamin D in 2010, Additionally, some of the 
Linus Pauling Institute (LPI) recommendations 
have been modified to reflect current knowledge 
in micronutrient research, The LP] recommenda- 
tions are daily intake levels aimed at the promo- 
tion of optimum health and prevention of chron- 
ic disease in healthy individuals. A large litera- 
ture indicates that inadequate or marginal intake 
of vitamins and nutritionally essential minerals 
may increase one’s risk for a number of diseases, 
including cardiovascular diseases, certain can- 
cers and neurodegenerative diseases, and osteo- 
porosis. Micronutrient inadequacy can also im- 
pair immunity and thus increase susceptibility to 
communicable diseases like influenza. This book 
reviews the present knowledge on the roles of 


vitamins and minerals in disease prevention and 
disease treatment, in addition to providing basic 
information on biological function, deficiency, 
food sources, safety, and interactions with other 
micronutrients and drugs. 
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Preface to the First Edition 


During my clinical training, I learned to approach 
micronutrient nutrition from the perspective of 
preventing or treating deficiency diseases, such 
as scurvy or iron-deficiency anemia. In clinical 
practice, | became increasingly interested in the 
potential for micronutrients to prevent and treat 
chronic diseases at intakes higher than those re- 
quired to prevent deficiency. However, the stan- 
dard medical and nutrition texts of the day rarely 
provided the kind of information I was looking 
for. Today, scientific and medical research on the 
roles of micronutrients in health and disease is 
expanding rapidly, as are, unfortunately, exag- 
gerated health claims from numerous supple- 
ment manufacturers. Keeping up with the explo- 
sion of contradictory information regarding the 
safety and efficacy of dietary supplements has 
become an overwhelming task for consumers as 
well as health care and nutrition professionals. 
My goal in writing this book was to provide clini- 
cians and consumers with a practical evidence- 
based reference to the rapidly expanding field of 
micronutrient nutrition. 

While my own interest in nutrition and health 
led me to pursue doctoral work in nutrition and 
biochemistry, such a step should not be neces- 
sary for health care and nutrition professionals 
who want more information on the health impli- 
cations of dietary and supplemental micronutri- 
ents. With the support of the Linus Pauling Insti- 
tute at Oregon State University (LPI), I have syn- 
thesized and organized hundreds of experimen- 
tal, clinical, and epidemiologic studies, providing 
an overview of the current scientific knowledge 
of the roles of vitamins and nutritionally impor- 
tant minerals in human health and disease. To 
ensure the accuracy of the information present- 
ed, I asked at least one recognized scientific ex- 
pert in the field to review each chapter. The 
names and affiliations of these scientists are list- 
ed in the Editorial Advisory Board. 

Throughout this book, | have tried to empha- 
size human research published in peer-reviewed 
journals. Where relevant, I have included the re- 
sults of experimental studies in cell culture or 
animal models. Although randomized clinical tri- 


als provide the strongest evidence for the effect 
of micronutrient intake on disease outcomes in 
humans, it is not always ethical or practical to 
perform a double-blind, placebo-controlled trial. 
Observational studies can also provide useful in- 
formation about micronutrient intake and dis- 
ease outcomes. In reviewing the epidemiologic 
research, I have given more weight to the results 
of large prospective cohort studies, such as the 
Nurses Health Study, than retrospective case- 
control or cross-sectional studies. When avail- 
able, I have included the results of systematic re- 
views and meta-analyses, which summarize in- 
formation on the findings of many similar stud- 
ies. 

Nearly 35 years ago Linus Pauling, PhD, the 
only individual ever to win two unshared Nobel 
Prizes, concluded that micronutrients could play 
a significant role in enhancing human health and 
preventing chronic disease, not just deficiency 
disease. The basic premise that an optimum diet 
is the key to optimum health continues today as 
the foundation of the Linus Pauling Institute at 
Oregon State University. Scientists at the Linus 
Pauling Institute investigate the roles that micro- 
nutrients and other dietary constituents play in 
human aging and chronic diseases, particularly 
cancer, cardiovascular diseases, and neurodegen- 
erative diseases. The goals of our research are to 
understand the molecular mechanisms behind 
the effects of nutrition on health and to deter- 
mine how micronutrients and other dietary fac- 
tors can be used in the prevention and treatment 
of diseases, thereby enhancing human health and 
well-being. The Linus Pauling Institute is also 
dedicated to training and supporting new re- 
searchers in the interdisciplinary science of nu- 
trition and optimum health, as well as to educat- 
ing the public about the science of optimum nu- 
trition. 

As you read this book, it will become apparent 
that the Linus Pauling Institute recommenda- 
tions for certain micronutrients (e.g., vitamin C) 
differ considerably from those of Linus Pauling 
himself. Dr. Pauling, for whom the Linus Pauling 
Institute has great respect, based his own micro- 
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nutrient recommendations largely on theoretical 
arguments. For example, in developing his rec- 
ommendations for vitamin C intake, he used 
cross-species comparisons, evolutionary argu- 
ments, and the amount of vitamin C likely con- 
sumed in a raw plant food diet. At the Linus Paul- 
ing Institute, we base our micronutrient recom- 
mendations on current scientific evidence, much 
of which was unavailable to Dr. Pauling. The 
Linus Pauling Institute’s recommendation for a 
vitamin C intake of at least 200 mg/day for gener- 
ally healthy adults takes into account the cur- 
rently available epidemiologic, biochemical, and 
clinical evidence. Similarly, the Linus Pauling In- 
stitute’s intake recommendation for each micro- 
nutrient in this book is based on the current sci- 
entific research available, while, in many cases, 
acknowledging that the intake levels most likely 
to promote optimum health remain to be deter- 
mined. 
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How To Use This Book 


Chapter Organization 


Information on individual vitamins, organic 
(carbon-containing) compounds that are re- 
quired by humans in small amounts from the 
diet to maintain normal physiological function, 
can be found in Chapters 1 through 13, in alpha- 
betical order by vitamin. In addition to vitamins, 
a number of inorganic elements (minerals) are 
required in the human diet to support a wide 
range of biological functions. Information on nu- 
tritionally important minerals can be found in 
Chapters 14 through 27, in alphabetical order by 
mineral. For ease of use, the information in each 
chapter is organized in the following manner: 

e Function Current scientific understanding of 
the function of the micronutrient with respect 
to maintaining health and preventing disease. 
Deficiency Risk factors, signs, symptoms, and 
physiological effects of frank deficiency of the 
micronutrient. 

Disease Prevention Where controlled research 
is available, information on the role(s) of the 
micronutrient in the prevention of disease. 
Disease Treatment Where controlled research 
is available, information on the role(s) of the 
micronutrient in the treatment of disease. 
Sources Information on dietary, supplemental, 
and other sources of the micronutrient. When 
available, this section includes a table of die- 
tary sources. 

Safety Information on toxicity and adverse ef- 
fects of the micronutrient, as well as micronu- 
trient-drug interactions. 

The Linus Pauling institute Recommendation A 
daily intake recommendation based on rele- 
vant scientific research and reflecting an intake 
level aimed at the prevention of chronic disease 
and the promotion of optimum health in gen- 
erally healthy individuals. Recommendations 
for older adults (over the age of 50 years) are 
also addressed in this section. 


* References 


In addition to the Linus Pauling Institute Rec 
ommendations, the Food and Nutrition Board 
(FNB) of the Institute of Medicine appoints 
committees of expert scientists to set Dietary 
Reference Intakes (DRIs), which are used to 
plan and evaluate diets of apparently healthy 
people. Three different DRIs appear regularly 
throughout this book: 

— The Recommended Dietary Allowance (RDA) is 
defined as the average daily dietary intake 
level of a specific nutrient sufficient to meet 
the requirement of nearly all (97%-98%) 
healthy individuals in a particular life-stage 
group. Because RDAs generally reflect intake 
levels designed to prevent deficiency, they 
are presented in the Deficiency section of 
each chapter. 

- An Adequate Intake (Al) is provided if there is 
insufficient evidence to determine an RDA. 
The Al is based on experimentally derived in- 
take levels or observed average intake levels 
of apparently healthy people. For example, 
the Al of a nutrient for infants is generally 
based on the average daily intake of that nu- 
trient supplied by human milk in healthy, 
full-term infants who are exclusively breast- 
fed. Because Als reflect intake levels thought 
to prevent deficiency, they are also presented 
in the Deficiency section of each chapter. 
The Tolerable Upper Intake Level (UL) is de- 
fined as the highest level of a nutrient deter- 
mined to pose no risk of adverse effects for 
almost all individuals in the general popula- 
tion. The UL is discussed in the Safety section 
of each chapter. 


Appendices 


Several appendices have been included to facili- 
tate the use of this book by clinicians as well as 
consumers. 

* Nutrient—Nutrient Interactions A table sum- 
marizing the information on nutrient—nutri- 
ent interactions discussed in the book. 

* Drug—Nutrient Interactions A table summariz- 
ing the information on nutrient—drug interac- 
tions discussed in the book. 


Appendices 


e Quick Reference to Diseases A useful chart that 
allows the reader to locate micronutrient infor- 
mation by disease or health condition. 

* Glossary 

e The Linus Pauling Institute Prescription for 
Health A list summarizing the Linus Pauling 
Institute Recommendations for a healthy diet, 
lifestyle, and supplement use. 
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How To Use This Book 


Table of Measures 


In the metric system, a microgram (ug, mcg, or sometimes ug) is a unit of mass equal to one millionth 
(1/1 000 000) of a gram or one thousandth (1/1000) of a milligram. It is one of the smallest units of 
mass (or weight) commonly used. The abbreviation “ug” conforms to the International System of 


Units. 

Weight 

Metric 

1 mg (1000 pg) 

1 g (1000 mg) 

1 kg (1000 g) 

English (US) 

1 grain 

1 oz 

1 |b 

Volume 

Metric 

TmlL 

1 L (1000 mL) 

TL 

TL 

English (US) 

1 fl oz 

1 pt 

1 qt 

1 gal 

Liquids 

Metric 

TmL 

5 mL 

15 mL 

30 mL 

60 mL 

100 mL (1 dL) 

120 mL 

240 mL 

480 mL 
Abbreviations: 
dL deciliter ug microgram 
floz fluid ounce mL milliliter 
g gram oz ounce 
gal gallon pt pint 
kg kilogram qt quart 
L liter tbsp tablespoon 


lb pound tsp teaspoon 
mg milligram 


English (US) 

0.002 grain (0.000035 oz) 
0.04 oz 

35.27 oz (2.2 |b) 

Metric 

64.8 mg 

28.4g 

453.6 g (0.45 kg) 


English (US) 
0.03 oz 

2.12 pt 

1.06 qt 

0.27 gal 
Metric 

30 mL 

470 mL 

950 mL 
3.79 L 


English (US) 
v5 tsp 

1 tsp 

1 tbsp 

Ye cup 

Ys cup 
About % cup 
Y% cup 

1 cup 

1 pt 


1 Biotin 


Biotin is a water-soluble vitamin that is generally 
classified as a B-complex vitamin. After the ini- 
tial discovery of biotin, nearly 40 years of re- 
search were required to establish it as a vitamin.! 
Biotin is required by all organisms but can be 
synthesized only by bacteria, yeasts, molds, al- 
gae, and some plant species.? 


Function 


Biotin is attached at the active site of five mam- 
malian enzymes known as carboxylases.? The at- 
tachment of biotin to another molecule, such as a 
protein, is known as biotinylation. Holocarboxyl- 
ase synthetase (HCS) catalyzes the biotinylation 
of apocarboxylases (i.e., the catalytically inactive 
form of the enzyme) and of histones. Biotinidase 
catalyzes the release of biotin from histones and 
from the peptide products of carboxylase break- 
down. 


Enzyme Cofactor 


Each carboxylase for which biotin acts as a cofac 
tor catalyzes an essential metabolic reaction: 

e Acetyl-CoA carboxylase I and II catalyze the 
binding of bicarbonate to acetyl-coenzyme A 
(CoA) to form malonyl-CoA, which is required 
for the synthesis of fatty acids. The former is 
crucial in cytosolic fatty acid synthesis, and the 
latter functions in regulating mitochondrial 
fatty acid oxidation. 

Pyruvate carboxylase is a critical enzyme in 
gluconeogenesis—the formation of glucose 
from sources other than carbohydrates, for ex- 
ample, amino acids. 

Methylcrotonyl-CoA carboxylase catalyzes an 
essential step in the catabolism of leucine, an 
essential amino acid. 

Propionyl-CoA carboxylase catalyzes essential 
steps in the metabolism of certain amino acids, 
cholesterol, and odd-chain fatty acids (fatty ac- 
ids with an odd number of carbon molecules).4 


Histone Biotinylation 


Histones are proteins that bind to DNA and pack- 
age it into compact structures to form nucleo- 
somes—integral structural components of chro- 
mosomes. The compact packaging of DNA must 
be relaxed somewhat for DNA replication and 
transcription to occur. Modification of histones 
through the attachment of acetyl or methyl 
groups (acetylation or methylation) has been 
shown to affect the structure of histones, thereby 
affecting replication and transcription of DNA. 
Mounting evidence indicates that biotinylation 
of histones plays a role in regulating DNA replica- 
tion and transcription as well as cellular prolif- 
eration and other cellular responses.>-7 


Deficiency 


Although overt biotin deficiency is very rare, the 
human requirement for dietary biotin has been 
demonstrated in two different situations: pro- 
longed intravenous feeding (parenteral) without 
biotin supplementation and consumption of raw 
egg white for a prolonged period (many weeks to 
years). Avidin is an antimicrobial protein found 
in egg white that binds biotin and prevents its 
absorption. Cooking egg white denatures avidin, 
rendering it susceptible to digestion and there- 
fore unable to prevent the absorption of dietary 
biotin.® 

Three measures have been validated as indica- 
tors of biotin status: (1) high excretion of an or- 
ganic acid (3-hydroxyisovaleric acid) that reflects 
decreased activity of the biotin-dependent en- 
zyme, methylcrotonyl-CoA carboxylase; (2) re- 
duced urinary excretion of biotin; and (3) propi- 
onyl-CoA carboxylase activity in peripheral 
blood lymphocytes.42-"! 


Signs and Symptoms 


Signs of overt biotin deficiency include hair loss 
and a scaly red rash around the eyes, nose, 
mouth, and genital area. Neurological symptoms 


1 Biotin 


in adults have included depression, lethargy, hal- 
lucination, and numbness and tingling of the ex- 
tremities. The characteristic facial rash, together 
with unusual facial fat distribution, has been 
termed the biotin-deficient facies by some inves- 
tigators.® Individuals with hereditary disorders 
of biotin metabolism resulting in functional bio- 
tin deficiency often have similar physical find- 
ings as well as evidence of impaired immune sys- 
tem function and increased susceptibility to bac 
terial and fungal infections.'? 


Predisposing Conditions 


There are several ways in which the hereditary 
disorder, biotinidase deficiency, leads to biotin 
deficiency. Intestinal absorption is decreased be- 
cause a lack of biotinidase inhibits the release of 
biotin from dietary protein. Recycling of one’s 
own biotin bound to protein is impaired, and uri- 
nary loss of biotin is increased because the kid- 
neys more rapidly excrete biotin that is not 
bound to biotinidase.°® Biotinidase deficiency 
uniformly responds to moderate biotin supple- 
mentation. Oral supplementation with as much 
as 5-10mg_ biotin daily is sometimes required, 
although smaller doses are often sufficient. Some 
forms of HCS deficiency respond to biotin sup- 
plementation with large doses. HCS deficiency 
results in an enzyme that catalyzes the attach- 
ment of biotin to all four carboxylase enzymes. 
HCS deficiency results in decreased formation of 
all holocarboxylases at normal blood levels of bi- 
otin, so high-dose supplementation (40-100 mg 
biotin/day) is required. The inborn error, biotin 
transporter deficiency, also responds to high- 
dose biotin supplementation.'? The prognosis of 


Table 1.1 Adequate intake (Al) for biotin 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 


Breast-feeding All ages 


all three disorders is often, but not always, good 
if biotin therapy is introduced early (infancy or 
childhood) and continued for life. 

Aside from prolonged consumption of raw egg 
white or total intravenous nutritional support 
lacking biotin, other conditions may increase the 
risk of biotin depletion. The rapidly dividing cells 
of the developing fetus require biotin for histone 
biotinylation and synthesis of essential carboxyl- 
ases; hence, the biotin requirement is likely in- 
creased during pregnancy. Research suggests that 
a substantial number of women develop marginal 
or subclinical biotin deficiency during normal 
pregnancy.®'4 However, the recommended ade- 
quate intake does not change for pregnancy. In 
addition, some types of liver disease may de- 
crease biotinidase activity and theoretically in- 
crease the requirement for biotin. A study of 62 
children with chronic liver disease and 27 healthy 
control children found serum biotinidase activity 
to be abnormally low in those with severely im- 
paired liver function due to cirrhosis.!> However, 
this study did not provide evidence of biotin defi- 
ciency. Further, anticonvulsant medications, used 
to prevent seizures in individuals with epilepsy, 
increase the risk of biotin depletion.'®!7 


Adequate Intake 


In 1998, the Food and Nutrition Board (FNB) of 
the Institute of Medicine felt that the existing sci- 
entific evidence was insufficient to calculate a 
recommended dietary amount (RDA) for biotin, 
so they set an adequate intake (Al) (Table 1.1). 
The AI for biotin assumes that current average 
intakes of biotin (35-60 ug/day) meet the dietary 
requirement.! 


Males (ug/day) Females (ug/day) 


5 5 
6 6 
8 8 
12 12 
20 20 
25 25 
30 30 
= 30 
= B35 


Disease Prevention 
Birth Defects 


Research indicates that biotin is broken down 
more rapidly during pregnancy and that biotin 
nutritional status declines during the course of 
pregnancy.® One study reported that biotin ex- 
cretion dropped below the normal range during 
late pregnancy in 6 of 13 women, suggesting that 
their biotin status was abnormally low. Over half 
of pregnant women have abnormally high excre- 
tion of a metabolite (3-hydroxyisovaleric acid), 
thought to reflect decreased activity of a biotin- 
dependent enzyme. A study of 26 pregnant 
women found that biotin supplementation de- 
creased the excretion of this metabolite com- 
pared with placebo, suggesting that marginal bi- 
otin deficiency may be relatively common in 
pregnancy.'* In one study, the incidence of de- 
creased lymphocyte propionyl-CoA carboxylase 
activity (a marker of biotin deficiency) in preg- 
nancy was more than 75%.!8 Although the level of 
biotin depletion is not severe enough to cause 
diagnostic signs or symptoms, such observations 
are sources of concern because subclinical biotin 
deficiency has been shown to cause birth defects 
in several animal species.'® 

Currently, it is estimated that at least one- 
third of women develop marginal biotin deficien- 
cy during pregnancy.® Indirect evidence also sug- 
gests that marginal biotin deficiency causes birth 
defects in humans. On balance, the potential risk 
for teratogenesis (abnormal development of the 
embryo or fetus) from biotin deficiency makes it 
prudent to ensure adequate biotin intake 
throughout pregnancy. As pregnant women are 
advised to consume supplemental folic acid be- 
fore and during pregnancy to prevent neural tube 
defects, it would be easy to consume supplemen- 
tal biotin (at least 30p1g/day) in the form of a 
multivitamin that also contains at least 400 ug of 
folic acid. Toxicity at this level of biotin intake has 
never been reported. 


Disease Treatment 
Diabetes Mellitus 


It has been known for many years that overt bio- 
tin deficiency impairs glucose utilization in 
rats.!2 In one human study, blood biotin levels 


Disease Treatment 


were significantly lower in 43 patients with 
type 2 diabetes than in control individuals who 
did not have diabetes, and lower fasting blood 
glucose levels were associated with higher blood 
biotin levels. After 1 month of biotin supplemen- 
tation (9000p1¢/day), fasting blood glucose levels 
decreased by an average of 45%. In contrast, a 
study in ten individuals with type 2 diabetes and 
seven controls without reported that biotin sup- 
plementation (15 000pg/day) for 28 days did not 
decrease fasting blood glucose levels in either 
group.*! A more recent, double-blind, placebo- 
controlled study by the same group of investiga- 
tors found that the same biotin treatment proto- 
col lowered plasma triglyceride levels in both 
diabetic and nondiabetic patients with hypertri- 
glyceridemia.”? In this study, biotin administra- 
tion did not affect blood glucose concentrations 
in individuals who did or did not have diabetes. 
In addition, a few studies have shown that co- 
supplementation with biotin and chromium pic 
olinate may be a beneficial adjunct therapy in 
patients with type 2 diabetes.23-2 However, sev- 
eral studies have reported that administration of 
chromium picolinate alone improves glycemic 
control in individuals with diabetes.?’ 
Reductions in blood glucose levels were found 
in seven individuals with type 1 diabetes after 
1 week of supplementation with 16 000 pg biotin 
daily.28 Several mechanisms could explain a pos- 
sible blood glucose-lowering effect of biotin. As a 
cofactor of enzymes required for fatty acid syn- 
thesis, biotin may increase the utilization of glu- 
cose for fat synthesis. Biotin has been found to 
stimulate glucokinase, a liver enzyme that in- 
creases synthesis of glycogen, the storage form of 
glucose. Biotin has also been found to stimulate 
the secretion of insulin in the pancreas of rats, 
which has the effect of lowering blood glucose.?9 
An effect on cellular glucose transporters (GLUTs) 
is currently under investigation. Currently, stud- 
ies of the effect of supplemental biotin on blood 
glucose levels in humans are extremely limited, 
but they highlight the need for further research. 


Brittle Fingernails 


The finding that biotin supplements were effec- 
tive in treating hoof abnormalities in horses and 
swine led to speculation that biotin supplements 
might also be helpful in strengthening brittle 
fingernails in humans. Three uncontrolled trials 
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examining the effects of biotin supplementation 
(2.5mg /day for up to 6 months) in women with 
brittle fingernails have been published.2%3! In 
two of the trials, subjective evidence of clinical 
improvement was reported in 67%-91% of the 
participants available for follow-up at the end of 
the treatment period.*9° One trial that used 
scanning electron microscopy to assess fingernail 
thickness and splitting found that fingernail 
thickness increased by 25% and splitting de- 
creased after biotin supplementation.*! Although 
the results of these small uncontrolled trials sug- 
gest that biotin supplements may be helpful in 
strengthening brittle nails, larger placebo-con- 
trolled trials are needed to assess the efficacy of 
high-dose biotin supplementation for the treat- 
ment of brittle fingernails. 


Hair Loss 


Although hair loss is a symptom of severe biotin 
deficiency, there are no published scientific stud- 
ies that support the claim that high-dose biotin 
supplements are effective in preventing or treat- 
ing hair loss in men or women. 


Sources 


Food Sources 


Biotin is found in many foods, but generally in 
lower amounts than other water-soluble vita- 
mins. Egg yolk, liver, and yeast are rich sources of 
biotin. Large national nutritional surveys in the 


Table 1.2 Food sources of biotin 


Food Serving Biotin (yg) 
Liver, cooked 3 ounces? 27-35 
Egg, cooked 1 large 13-25 
Yeast 1 packet (7 g) 1.4-14.0 
Avocado 1 whole 2-6 
Bread, 1 slice 0.02-6.0 
whole-wheat 

Salmon, cooked 3 ounces? 4-5 
Pork, cooked 3 ounces? 2-4 
Cauliflower, raw 1 cup 0.2-4.0 
Cheese, cheddar 1 ounce 0.4-2.0 
Raspberries 1 cup 0.2-2.0 


4A 3-ounce serving of meat or fish is about the size of a 
deck of cards. 


United States were unable to estimate biotin in- 
take due to the scarcity of data regarding biotin 
content of food. Smaller studies estimate average 
daily intakes of biotin to be from 40ug/day to 
60pg/day in adults.! Table 1.2 lists some rich 
sources of biotin along with their content in 
micrograms.’ However, a publication that 
employed chemical rather than microbial assays 
reported quite different contents for some com- 
mon foods.?3 


Bacterial Synthesis 


Most bacteria that normally colonize the small 
and large intestine (colon) synthesize biotin. 
Whether the biotin is released and absorbed by 
humans in meaningful amounts remains un- 
known. However, a specialized process for the 
uptake of biotin has been identified in cultured 
cells derived from the lining of the small bowel 
and colon,** suggesting that humans may be able 
to absorb biotin produced by enteric bacteria—a 
phenomenon documented in swine. 


Safety 
Toxicity 


Biotin is not known to be toxic. Oral biotin sup- 
plementation has been well tolerated in doses up 
to 200000 ug/day in people with hereditary dis- 
orders of biotin metabolism.! In people without 
disorders of biotin metabolism, doses of up to 
5000 ug/day for 2 years were not associated with 
adverse effects.2> However, there is one case re- 
port of life-threatening eosinophilic pleuroperi- 
cardial effusion in an elderly woman who took a 
combination of 10000ug/day of biotin and 
300 mg/day of pantothenic acid for 2 months.3® 
Due to the lack of reports of adverse effects when 
the dietary reference intakes (DRls) were estab- 
lished for biotin in 1998, the Institute of Medi- 
cine did not establish a tolerable upper intake 
level (UL) for biotin.! 


Nutrient Interactions 


Large doses of pantothenic acid (vitamin B5) have 
the potential to compete with biotin for intesti- 
nal and cellular uptake due to their similar struc- 
tures.” In addition, very high (pharmacologic) 
doses of lipoic acid have been found to decrease 


Safety 


the activity of biotin-dependent carboxylases in 
rats, but such an effect has not been demonstrat- 
ed in humans.438 


Drug Interactions 


Individuals on long-term anticonvulsant (anti- 
seizure) therapy reportedly have reduced blood 
levels of biotin as well as increased urinary excre- 
tion of organic acids that indicate decreased car- 
boxylase activity.” The anticonvulsants primi- 
done and carbamazepine inhibit biotin absorp- 
tion in the small intestine. Chronic therapy with 
phenobarbital, phenytoin, or carbamazepine ap- 
pears to increase urinary excretion of 3-hydroxy- 
isovaleric acid. Use of the anticonvulsant valproic 
acid has been associated with decreased biotini- 
dase activity in children.'” Long-term treatment 
with sulfa drugs or other antibiotics may de- 
crease bacterial synthesis of biotin, theoretically 
increasing the requirement for dietary biotin. 


LPI Recommendation 


Little is known about the amount of dietary biotin re- 
quired to promote optimal health or prevent chronic 
disease. The Linus Pauling Institute supports the recom- 
mendation by the FNB of 30 ug biotin/day for adults. A 
varied diet should provide enough biotin for most peo- 
ple. However, following the Linus Pauling Institute rec 
ommendation to take a daily multivitamin/mineral 
supplement will generally provide an intake of at least 
30 ug biotin/day. 


Older Adults 

Currently, there is no indication that older adults have 
an increased requirement for biotin. If dietary biotin in- 
take is not sufficient, a daily multivitamin/mineral sup- 
plement will generally provide an intake of at least 
30 ug biotin/day. 
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2 Folic Acid 


The terms folic acid and folate are often used in- 
terchangeably for this water-soluble B-complex 
vitamin. Folic acid, the more stable form, occurs 
rarely in foods or the human body but is the form 
most often used in vitamin supplements and for- 
tified foods. Naturally occurring folates exist in 
many chemical forms. They are found in foods as 
well as in metabolically active forms in the hu- 
man body.' In the following discussion, forms 
found in food or the body are referred to as fo- 
lates, whereas the form found in supplements or 
fortified foods is referred to as folic acid. 


Function 


One-carbon Metabolism 


The only function of folate coenzymes in the 
body appears to be in mediating the transfer of 
one-carbon units.? Folate coenzymes act as ac 


Nucleic Acid 
Synthesis 


ceptors and donors of one-carbon units in a vari- 
ety of reactions critical to the metabolism of nu- 
cleic acids and amino acids. 


Nucleic acid metabolism. Folate coenzymes play 
a vital role in DNA metabolism through two dif- 
ferent pathways (Fig. 2.1): 

1. The synthesis of DNA from its precursors (thy- 
midine and purines) is dependent on folate 
coenzymes. 

2. A folate coenzyme is required for the synthe- 
sis of methionine, and methionine is required 
for the synthesis of S-adenosylmethionine 
(SAM). 


SAM is a methyl group (one-carbon unit) donor 
used in many biological methylation reactions, 
including the methylation of a number of sites 
within DNA and RNA, Methylation of DNA may 
be important in cancer prevention. 


Methylation Reactions 
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Fig. 2.1 Folate and nucleic acid metabolism: 5,10-methy- 
lene tetrahydrofolate (THF) is required for the synthesis of 
nucleic acids, and 5-methy! THF is required for the forma- 
tion of methionine from homocysteine. Methionine, in 
the form of S-adenosylmethionine, is required for many 


Homocysteine 


biological methylation reactions, including DNA methyla- 
tion. Methylene TH-folate reductase is a flavin-dependent 
enzyme required to catalyze the reduction of 5,10-methy- 
lene THF to 5-methyl THF. 
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Amino acid metabolism. Folate coenzymes are 
required for the metabolism of several important 
amino acids. The synthesis of methionine from 
homocysteine requires a folate coenzyme as well 
as a vitamin B,-dependent enzyme. Thus, folate 
deficiency can result in decreased synthesis of 
methionine and a build-up of homocysteine. In- 
creased levels of homocysteine may be a risk fac- 
tor for heart disease as well as several other 
chronic diseases. 


Nutrient Interactions 


The metabolism of homocysteine, an intermedi- 
ate in the metabolism of sulfur-containing amino 
acids, provides an example of the interrelation- 
ships of nutrients necessary for optimal physio- 
logical function and health. Healthy individuals 
use two different pathways to metabolize homo- 


TH- l Folate | 


lisami il 


Methionine 
synthase 


5-Methy! TH- | Folate. | 


Methionine 


Homocysteine 


cysteine (Fig.2.2). One pathway (methionine 
synthase) synthesizes methionine from homo- 
cysteine and depends ona folate coenzyme anda 
vitamin B,,-dependent enzyme. The other path- 
way converts homocysteine to another amino 
acid, cysteine, and requires two vitamin B,-de- 
pendent enzymes. Thus, the amount of homo- 
cysteine in the blood is regulated by three vita- 
mins: folate, vitamin B,, and vitamin Bg.4 


Deficiency 


Causes 


Folate deficiency is most often caused by a di- 
etary insufficiency; however, it can occur in a 
number of other situations, for example, alcohol- 
ism is associated with low dietary intake and di- 
minished absorption of folate, which can lead to 


P HRE 


S-Adenosyl- 
methionine 


Methyltransferase 


S -Adenosyl- 
homocysteine 


Adenosine 


Cystathionine 


Cysteine 


Fig. 2.2 Homocysteine metabolism: S-adenosylhomo- 
cysteine is formed during S-adenosylmethionine-depen- 
dent methylation reactions, and the hydrolysis of S-ade- 
nosylhomocysteine results in homocysteine. Homocyste- 
ine may be remethylated to form methionine by a folate- 


dependent reaction that is catalyzed by methionine 
synthase, a vitamin B,-dependent enzyme. Alternately, 
homocysteine may be metabolized to cysteine in reac 
tions catalyzed by two vitamin Bg-dependent enzymes. 


Deficiency 


ee EIS 


folate deficiency. In addition, certain conditions 
such as pregnancy or cancer result in increased 
rates of cell division and metabolism, causing an 
increase in the body’s demand for folate.> Several 
medications may also contribute to deficiency 
(see “Drug Interactions,” p. 14). 


Symptoms 


Individuals in the early stages of folate deficiency 
may not show obvious symptoms, but their blood 
levels of homocysteine may increase. Rapidly di- 
viding cells are most vulnerable to the effects of 
folate deficiency, so when the folate supply to the 
rapidly dividing cells of the bone marrow is inad- 
equate, blood cell division becomes abnormal, 
resulting in fewer but larger red blood cells. This 
type of anemia is called megaloblastic or macro- 
cytic anemia, referring to the enlarged, immature 
red blood cells. Neutrophils, a type of white 
blood cell, become hypersegmented, a change 
that can be found by examining a blood sample 
microscopically. As normal red blood cells have a 
lifetime in the circulation of approximately 4 
months, it can take months for folate-deficient 
individuals to develop the characteristic megalo- 
blastic anemia. Progression of such an anemia 
leads to decreased oxygen-carrying capacity of 
the blood and may ultimately result in symptoms 
of fatigue, weakness, and shortness of breath.’ It 
is important to point out that megaloblastic ane- 
mia resulting from folate deficiency is identical 
to the megaloblastic anemia resulting from vita- 
min B,2 deficiency, and further clinical testing is 
required to diagnose the true cause of megalo- 
blastic anemia. 


Recommended 
Dietary Allowance 


Traditionally, the dietary folate requirement was 
defined as the amount needed to prevent a defi- 
ciency severe enough to cause symptoms such as 
anemia. The most recent recommended dietary 
allowance (RDA) (Table 2.1) was based primarily 
on the adequacy of red blood cell folate concen- 
trations at different levels of folate intake, as 
judged by the absence of abnormal hematologi- 
cal indicators. Red cell folate has been shown to 
correlate with liver folate stores. Maintenance of 
normal blood homocysteine levels, an indicator 
of one-carbon metabolism, was considered only 
as an ancillary indicator of adequate folate in- 
take. As pregnancy is associated with a signifi- 
cant increase in cell division and other metabolic 
processes that require folate coenzymes, the RDA 
for pregnant women is considerably higher than 
for women who are not pregnant.? However, the 
prevention of neural tube defects (NTDs) was not 
considered when setting the RDA for pregnant 
women. Rather, reducing the risk of NTDs was 
considered in a separate recommendation for 
women capable of becoming pregnant, because 
the crucial events in neural tube development 
occur before many women are aware that they 
are pregnant.® 


Dietary Folate Equivalents 


When the Food and Nutrition Board (FNB) of the 
Institute of Medicine set the new dietary recom- 
mendation for folate, they introduced a new unit, 
the dietary folate equivalent (DFE): 


Table 2.1 Recommended dietary allowance for folate in DFEs 


Life stage Age Males (g/day) Females (jig/day) 
Infants 0-6 months 65 (Al) 65 (Al) 

Infants 7-12 months 80 (Al) 80 (Al) 

Children 1-3 years 150 150 

Children 4-8 years 200 200 

Children 9-13 years 300 300 

Adolescents 14-18 years 400 400 

Adults >19 years 400 400 

Pregnancy All ages = 600 
Breast-feeding All ages = 500 


Al, adequate intake; DFE, dietary folate equivalent. 
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* 1g of food folate provides 1 pg DFE. 

* 11g folic acid taken with meals or as fortified 
food provides 1.7 jig DFE. 

* 1g folic acid (supplement) taken on an empty 
stomach provides 2 ug DFE. 


Use of the DFE reflects the higher bioavailability 
of the synthetic folic acid in supplements and 
fortified foods compared with that of naturally 
occurring food folates,® for example, a serving of 
food containing 60 ug folate would provide 60 ug 
DFE, whereas a serving of pasta fortified with 
60 pg folic acid would provide 1.7 x 60=102 ug 
DFE due to the higher bioavailability of folic acid. 
A folic acid supplement of 400,1g taken on an 
empty stomach would provide 800 pg DFE. 


Genetic Variation 
in Folate Requirements 


A common polymorphism or variation in the 
gene for the enzyme methylene tetrahydrofolate 
reductase (MTHFR), known as the C677 T MTHFR 
polymorphism, results in a less stable enzyme.’ 
Depending on the population, 50% of individuals 
may have inherited one copy (C/T), and 5%-25% 
may have inherited two copies (T/T) of the ab- 
normal MTHFR gene. MTHFR plays an important 
role in maintaining the specific folate coenzyme 
required to form methionine from homocysteine 
(see Fig. 2.1). When folate intake is low, individu- 
als who are homozygous (T/T) for the abnormal 
gene have lower levels of MTHFR and thus higher 
levels of homocysteine in their blood.® Improved 
folate nutritional status appears to stabilize 
MTHFR, resulting in improved enzyme levels and 
lower homocysteine levels. An important unan- 
swered question about folate is whether the cur- 
rent RDA is enough to normalize MTHFR levels in 
individuals who are homozygous for the C677T 
polymorphism, or whether those individuals 
have a higher folate requirement than the RDA.’ 


Disease Prevention 


Pregnancy Complications 


Neural tube defects. Fetal growth and develop- 
ment are characterized by widespread cell divi- 
sion. Adequate folate is critical for DNA and RNA 
synthesis. NTDs result in either anencephaly or 
spina bifida, both of which are devastating and 


sometimes fatal birth defects. The defects occur 
between days 21 and 27 after conception, a time 
when many women do not realize that they are 
pregnant.!° The risk of NTDs in the United States 
before fortification of foods with folic acid was 
estimated to be 1 per 1000 pregnancies.! Results 
of randomized trials have demonstrated 60%- 
100% reductions in NTD cases when women con- 
sumed folic acid supplements in addition to a 
varied diet during the periconceptional period 
(about 1 month before and 1 month after concep- 
tion). The results of these and other studies 
prompted the US Public Health Service to recom- 
mend that all women capable of becoming preg- 
nant consume 400 pg folic acid daily to prevent 
NTDs. The recommendation was made to all 
women of childbearing age because adequate fo- 
lic acid must be available very early in pregnancy 
and many pregnancies in the United States are 
unplanned. Despite the effectiveness of folic acid 
supplementation, it appears that fewer than half 
of women who become pregnant follow the rec 
ommendation.'' To decrease the incidence of 
NTDs, the US Food and Drug Administration 
(FDA) implemented legislation in 1998 requiring 
the fortification of all enriched grain products 
with folic acid. The required level of folic acid for- 
tification in the United States was estimated to 
provide 100 pug additional folic acid in the aver- 
age person's diet, though it probably provides 
even more due to overuse of folic acid by food 
manufacturers.° 

The Centers for Disease Control and Preven- 
tion reported that the frequency of NTDs in the 
United States has decreased by 26% since the 
mandate.'* However, studies in Canada, where 
fortification is nearly identical to that in the Unit- 
ed States (1.5 and 1.4mg folic acid/kg grain, re- 
spectively), have reported greater reductions in 
the incidence of NTDs. In fact, it was recently 
proposed that the fortification legislation has 
prevented approximately 50% of NTDs in Canada 
and the United States, but that improvements in 
the latter have been largely underestimated.'? 


Other pregnancy complications. Adequate folate 
status may also prevent the occurrence of other 
types of birth defects, including certain heart de- 
fects and limb malformations. However, the sup- 
port for these findings is not as consistent or clear 
as support for NTD prevention.’° In addition, low 
levels of dietary folate during pregnancy have 


been associated with increased risks of prema- 
ture delivery and low infant birth weights. More 
recently, elevated blood homocysteine levels, 
considered an indicator of functional folate defi- 
ciency, have been associated with increased inci- 
dence of miscarriage as well as pregnancy com- 
plications such as pre-eclampsia and placental 
abruption.'4 Thus, it is reasonable to maintain 
folic acid supplementation throughout pregnan- 
cy, even after closure of the neural tube in order 
to decrease the risk of other problems during 
pregnancy. 


Cardiovascular Diseases 


Homocysteine and cardiovascular diseases. The 
results of more than 80 studies indicate that even 
moderately elevated levels of homocysteine in 
the blood increase the risk of cardiovascular dis- 
eases.* An analysis of the observational studies 
on blood homocysteine and vascular disease in- 
dicated that a prolonged decrease in plasma ho- 
mocysteine level of only 1umol/L resulted in 
about a 10% risk reduction.'!° The mechanism by 
which homocysteine increases the risk of vascu- 
lar disease remains the subject of a great deal of 
research, but it may involve adverse effects of ho- 
mocysteine on blood clotting, arterial vasodila- 
tion, and thickening of arterial walls.'® Although 
increased homocysteine levels in the blood have 
been consistently associated with increased risk 
of cardiovascular diseases, it is not yet clear 
whether lowering homocysteine levels will re- 
duce cardiovascular disease risk. Consequently, 
the American Heart Association (AHA) recom- 
mends screening for elevated total homocysteine 
levels only in “high-risk” individuals, for exam- 
ple, those with a personal or family history of 
premature cardiovascular disease, malnutrition 
or malabsorption syndromes, hypothyroidism, 
kidney failure, lupus, or individuals taking cer- 
tain medications (nicotinic acid, theophylline, 
bile acid-binding resins, methotrexate, and 
t-dopa). Most research indicates that a plasma 
homocysteine level of less than 10 umol/L is as- 
sociated with a lower risk of cardiovascular dis- 
ease and is a reasonable treatment goal for indi- 
viduals at high risk.!” 


Disease Prevention 


Folate and homocysteine. Folate-rich diets have 
been associated with decreased risk of cardiovas- 
cular disease. A study that followed 1980 Finnish 
men for 10 years found that those who consumed 
the most dietary folate had a 55% lower risk of an 
acute coronary event when compared with those 
who consumed the least dietary folate.!8 Of the 
three vitamins that regulate homocysteine levels, 
folic acid has been shown to have the greatest ef- 
fect in lowering basal levels of homocysteine in 
the blood when there is no coexisting deficiency 
of vitamin B,, or vitamin Bg. Increasing folate in- 
take through folate-rich foods or supplements 
has been found to lower homocysteine levels. 
Moreover, blood homocysteine levels have de- 
clined since the FDA mandated folic acid fortifi- 
cation of the grain supply.’ A recent meta-analy- 
sis of 25 randomized controlled trials found that 
supplementation with 0.8mg folic acid daily 
maximally reduced plasma homocysteine con- 
centrations; daily doses of 0.2 and 0.4 mg folic 
acid were associated with 60% and 90% reduc- 
tions, respectively, in plasma homocysteine.!9 A 
supplement regimen of 400 pg folic acid, 2 mg 
vitamin Bs, and 6 ug vitamin Bız has been advo- 
cated by the AHA if an initial trial of a folate-rich 
diet is not successful in adequately lowering ho- 
mocysteine levels,!7 

Although increased folic acid intake has been 
found to decrease homocysteine levels, it is cur- 
rently not clear whether increasing folic acid in- 
take results in decreased risk of cardiovascular 
diseases. Several randomized, placebo-controlled 
trials have been conducted or are ongoing to de- 
termine whether homocysteine lowering 
through folic acid and other B-vitamin supple- 
mentation reduces the incidence of cardiovascu- 
lar diseases. A preliminary meta-analysis of data 
from four of the ongoing trials, including about 
14 000 participants, showed that B-vitamin sup- 
plementation had no significant effect on risk of 
coronary heart disease or stroke.?° Similarly, an- 
other meta-analysis of 12 randomized controlled 
trials, including data from 16958 individuals 
with pre-existing cardiovascular or renal disease, 
found that folic acid supplementation had no ef- 
fect on coronary heart disease, stroke, or all- 
cause mortality despite 13%-52% reductions in 
plasma homocysteine concentrations.*! Conse- 
quently, the AHA removed its recommendation 
for using folic acid to prevent cardiovascular dis- 
eases in high-risk women.?? Completion of the 
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ongoing clinical trials should provide a more de- 
finitive answer on whether folic acid is beneficial 
for the prevention or treatment of heart disease 
or stroke. 


Cancer 


Cancer is thought to arise from DNA damage in 
excess of ongoing DNA repair and/or the inappro- 
priate expression of critical genes. As a result of 
the important roles played by folate in DNA and 
RNA synthesis and methylation, it is possible for 
folate intake to affect both DNA repair and gene 
expression. The consumption of at least five serv- 
ings of fruit and vegetables daily has been consis- 
tently associated with a decreased incidence of 
cancer. Fruit and vegetables are excellent sources 
of folate, which may play a role in their anti-car- 
cinogenic effect. Observational studies have 
found diminished folate status to be associated 
with cancers of the cervix, colon and rectum, 
lung, esophagus, brain, pancreas, and breast. In- 
tervention trials of folic acid supplementation in 
humans have been conducted mainly with re- 
spect to cervical and colorectal (colon and rec 
tum) cancer. Although the results in cervical can- 
cer have been inconsistent,? randomized inter- 
vention trials regarding colorectal cancer have 
been more promising.?#4 


Colorectal cancer. A recent meta-analysis of sev- 
en cohort and nine case-control studies found 
that folate from food was inversely associated 
with colorectal cancer risk; however, total folate 
from food and folic acid supplements was not as- 
sociated with colorectal cancer risk.” It is impor- 
tant to note that the case-control studies exam- 
ined in this meta-analysis were highly heteroge- 
neous, and that the authors stated that dietary 
fiber or other vitamins could have confounded 
their results. Overall, the role of folate in the pos- 
sible prevention of colorectal cancer provides an 
example of the complexity of the interactions be- 
tween genetics and nutrition. In general, obser- 
vational studies have found that relatively low 
folate intake and high alcohol intake are associ- 
ated with increased incidence of colorectal can- 
cer.!2627 Alcohol interferes with the absorption 
and metabolism of folate.” In a prospective study 
of more than 45 000 male health professionals, 
current intake of more than two alcoholic drinks 
per day doubled the risk of colon cancer. The 


combination of high alcohol and low folate intake 
yielded an even greater risk of colon cancer; 
however, increased alcohol intake in individuals 
who consumed 650 pg folate or more per day was 
not associated with an increased risk of colon 
cancer.?® 

In some studies, individuals who are homozy- 
gous for the C677 T MTHFR polymorphism (T/T) 
have been found to be at decreased risk for colon 
cancer when folate intake is adequate. However, 
when folate intake is low and/or alcohol intake is 
high, individuals with the T/T genotype have 
been found to be at increased risk of colorectal 
cancer,2930 

Although dietary folate may protect against 
colorectal cancer, high doses of supplemental fo- 
lic acid may actually accelerate tumor growth in 
cancer patients. A recent chemopreventive trial 
inpatients with a history of colorectal adenoma 
associated supplementation of 1 mg/day of folic 
acid (more than twice the RDA) with a statistical 
trend for advanced colorectal lesions, as well as 
with a significantly increased risk (more than 
twofold) for the presence of three or more 
colorectal adenomas.?! In this study, folic acid 
supplementation was also associated with an in- 
creased risk for cancers at other sites, primarily 
the prostate. Human observational studies as 
well as animal studies on high-dose folate and 
cancer have reported mixed results. Thus, more 
research is needed to determine the role of high- 
dose folate in cancer progression. 


Breast cancer. Studies investigating whether fo- 
late intake affects breast cancer risk have report- 
ed mixed results.? The results of two prospective 
studies suggest that increased folate intake may 
reduce the risk of breast cancer in women who 
regularly consume alcohol,*3-*> and moderate al- 
cohol intake has been associated with increased 
risk of breast cancer in women in several studies. 
Interestingly, a very large prospective study in 
more than 88 000 nurses reported that folic acid 
intake was not associated with breast cancer in 
women who consumed less than one alcoholic 
drink per day. However, in women consuming at 
least one alcoholic drink per day, folic acid intake 
of at least 600 ug daily resulted in about half the 
risk of breast cancer compared with women who 
consumed less than 300 pg folic acid daily.35 


Alzheimer Disease 
and Cognitive Impairment 


The role of folate in nucleic acid synthesis and 
methylation reactions is essential for normal 
brain function. Over the past decade several in- 
vestigators have described associations between 
decreased folate levels and cognitive impairment 
in elderly people.*® A large cross-sectional study 
in elderly Canadians found that those individuals 
with low serum folate levels were more likely to 
have dementia, be institutionalized, and be de- 
pressed. However, these findings could reflect 
the poorer nutritional status of institutionalized 
elderly people and individuals with dementia. In 
the same study, low serum folate levels were as- 
sociated with an increased likelihood of short- 
term memory problems in elderly individuals 
who had no signs of dementia.*” A study in 30 
elderly nuns, who lived in the same convent, ate 
the same diet, and had similar lifestyles, reported 
a strong association between decreased blood fo- 
late levels and the severity of brain atrophy re- 
lated to Alzheimer disease.?8 More recent studies 
have reported conflicting results as to whether 
‘folate status impacts Alzheimer disease risk. One 
study in elderly people of predominantly His- 
panic and African-American ethnicity with a 
high prevalence of vascular risk factors reported 
that a higher folate intake, from diet and folic 
acid supplements, was associated with a de- 
creased risk for Alzheimer disease.” 

In contrast, a prospective study in elderly in- 
dividuals reported that dietary folate is not asso- 


Table 2.2 Food sources of folate 


Disease Treatment 


ciated with Alzheimer disease," whereas anoth- 
er prospective study reported that a high folate 
intake, from foods and folic acid supplements, 
was associated with increased rates of cognitive 
decline in elderly people.*! Moderately increased 
homocysteine levels, as well as decreased folate 
and vitamin B,, levels, have been associated with 
Alzheimer disease and vascular dementia. One 
study in 370 elderly men and women, who were 
followed over 3 years, associated low serum lev- 
els of vitamin B, (<150 pmol/L) or folate 
(<10 nmol/L) with a doubling of the risk of devel- 
oping Alzheimer disease.” In a sample of 1092 
men and women without dementia followed for 
an average of 10 years, those with higher plasma 
homocysteine levels at baseline had a significant- 
ly higher risk of developing Alzheimer disease 
and other types of dementia.*? Those with plasma 
homocysteine levels > 14 mol/L had nearly twice 
the risk of developing Alzheimer disease. 


Disease Treatment 


Currently, there is insufficient evidence to sup- 
port the use of supplemental folic acid for the 
treatment of diseases or health conditions other 
than folate deficiency. The use of folic acid sup- 
plements to treat elevated plasma homocysteine 
levels (hyperhomocysteinemia) is discussed un- 
der “Cardiovascular Diseases,” p. 11. 


Food Serving Folate (ug DFE) 
Fortified breakfast cereal 1 cup 200-400? 
White rice, cooked 1 cup 2214 
White spaghetti, cooked 1 cup 1963 
Lentils, cooked Ya cup 179 
Garbanzo beans, cooked Y2 cup 14 
Asparagus, cooked Y4 cup (about 6 spears) 134 
Spinach, cooked Y cup 132 
Orange juice from concentrate 6 ounces 83 

Lima beans, cooked Y cup 78 

White bread 1 slice 353 


Fortified with folic acid (1.4 mg folic acid/kg). 
DFE, dietary folate equivalent. 
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Sources 
Food Sources 


Green leafy vegetables (foliage) are rich sources 
of folate and provide the basis for its name. Citrus 
fruit juices, legumes, and fortified cereals are also 
excellent sources of folate.! A number of folate- 
rich foods are listed in Table 2.2 along with their 
folate content. To help prevent NTDs, the FDA re- 
quired the addition of 1.4 mg folic acid/kg grain 
to be added to refined grain products, which are 
already enriched with niacin, thiamin, riboflavin, 
and iron, as of January 1, 1998. The addition of 
nutrients to foods in order to prevent a nutritional 
deficiency or restore nutrients lost in processing 
is known as fortification. It has been estimated 
that this level of fortification increases dietary 
intake by an average of 100 pg folic acid/day.'° 


Supplements 


The principal form of supplementary folate is fo- 
lic acid, which is available in single ingredient 
and combination products such as B-complex 
vitamins and multivitamins. Doses of 1000pg 
(1 mg) or more require a prescription.“ 


Safety 
Toxicity 


No adverse effects have been associated with the 
consumption of excess folate from foods. Con- 
cerns about safety are limited to synthetic folic 
acid intake. Deficiency of vitamin B42, although 
often undiagnosed, may affect a significant num- 
ber of people, especially older adults. One symp- 
tom of vitamin B,2 deficiency is megaloblastic 


Table 2.3 Tolerable upper intake level (UL) for folic acid 


Life stage Age UL (ug/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 300 

Children 4-8 years 400 

Children 9-13 years 600 

Adolescents 14-18 years 800 

Adults 219 years 1000 


a Source of intake should be from food and formula only. 


anemia, which is indistinguishable from that as- 
sociated with folate deficiency. Large doses of 
folic acid given to an individual with an undiag- 
nosed vitamin B,, deficiency could correct mega- 
loblastic anemia without correcting the underly- 
ing vitamin By deficiency, leaving the individual 
at risk of developing irreversible neurological 
damage. Such cases of neurological progression 
in vitamin By deficiency have been mostly seen 
at folic acid doses of 5000 ug (5 mg) and above. To 
be very sure of preventing irreversible neurologi- 
cal damage in vitamin B,2-deficient individuals, 
the FNB advises that all adults limit their intake 
of folic acid (supplements and fortification) to 
1000 pg (Table 2.3). The board also noted that vi- 
tamin Bj deficiency is very rare in women in 
their childbearing years, making the consump- 
tion of folic acid at or above 1000 p1g/day unlikely 
to cause problems;! however, there are limited 
data on the effects of large doses. 


Drug Interactions 


When nonsteroidal anti-inflammatory drugs 
(NSAIDs), such as aspirin or ibuprofen, are taken 
in very large therapeutic dosages (i.e., to treat se- 
vere arthritis), they may interfere with folate me- 
tabolism. In contrast, routine low-dose use of 
NSAIDs has not been found to adversely affect 
folate status. The anticonvulsant, phenytoin, has 
been shown to inhibit the intestinal absorption 
of folate, and several studies have associated de- 
creased folate status with long-term use of the 
anticonvulsants, phenytoin, phenobarbital, and 
primidone.** However, few studies controlled for 
differences in dietary folate intake between anti- 
convulsant users and nonusers. Also, taking folic 
acid at the same time as the cholesterol-lowering 
agents, cholestyramine and colestipol, may de- 
crease the absorption of folic acid.“ 
Methotrexate is a folic acid antagonist used to 
treat a number of diseases, including rheumatoid 
arthritis and psoriasis. Some of the side effects of 
methotrexate are similar to those of severe folate 
deficiency, and increased dietary folate or sup- 
plemental folic acid may decrease side effects 
without reducing the efficacy of methotrexate. A 
number of other medications have been shown 
to have antifolate activity, including trime- 
thoprim (an antibiotic), pyrimethamine (an anti- 
malarial), triamterene (a blood pressure medica- 
tion), and sulfasalazine (a treatment for ulcer- 


Safety 


ele A 


ative colitis). Early studies of oral contraceptives 
(birth control pills) containing high doses of es- 
trogen indicated adverse effects on folate status: 
however, this finding has not been supported by 
more recent studies on low-dose oral contracep- 
tives that controlled for dietary folate.! 


LPI Recommendation 


The available scientific evidence shows that adequate 
folate intake prevents neural tube defects and other 
poor outcomes of pregnancy, is helpful in lowering the 
risk of some forms of cancer, especially in genetically 
susceptible individuals, and may lower the risk of car- 
diovascular diseases. The Linus Pauling Institute recom- 
mends that adults take a 400 ug supplement of folic 
acid daily, in addition to folate and folic acid consumed 
in the diet. A daily multivitamin/mineral supplement, 
containing 100% of the daily value (DV) for folic acid 
provides 400 ug folic acid. Even with a larger than aver- 
age intake of folic acid from fortified foods, it is unlikely 
that an individual’s daily folic acid intake would regu- 
larly exceed the tolerable upper intake level of 1000 pg/ 
day established by the FNB. 


Older Adults 

The recommendation for 400 g/day of supplemental 
folic acid as part of a daily multivitamin/multimineral 
supplement, in addition to a folate-rich diet, is espe- 
cially important for older adults because blood homo- 
cysteine levels tend to increase with age. 


Women Capable of Becoming Pregnant 

As the crucial events in neural tube development occur 
before many women are aware that they are pregnant, 
women who are capable of becoming pregnant should 
consume 400 g/day folic acid from supplements or 
fortified food, in addition to dietary sources to prevent 
NTDs. 
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3 Niacin 


Niacin is a water-soluble vitamin, which is also 
known as nicotinic acid or vitamin B3. Nicotin- 
amide is the derivative of niacin; it is used by the 
body to form the coenzymes nicotinamide ade- 
nine dinucleotide (NAD) and nicotinamide ade- 
nine dinucleotide phosphate (NADP). The chemi- 
cal structures of the various forms of niacin are 
shown in Fig.3.1. None of the forms is related to 
the nicotine found in tobacco, although their 
names are similar.! 


Function 


Oxidation—-Reduction 
(Redox) Reactions 


Living organisms derive most of their energy 
from oxidation-reduction (redox) reactions, 
which are processes involving the transfer of 
electrons. As many as 200 enzymes require the 
niacin coenzymes, NAD and NADP, mainly to ac- 
cept or donate electrons for redox reactions. NAD 
functions most often in energy-producing reac- 
tions involving the degradation (catabolism) of 
carbohydrates, fats, proteins, and alcohol. NADP 
functions more often in biosynthetic (anabolic) 
reactions, such as in the synthesis of all macro- 
molecules, including fatty acids and choles- 
terol.!2 


Niacin Nicotinamide 


Niacin forms 


Non-redox Reactions 


The niacin coenzyme, NAD, is the substrate (re- 
actant) for two classes of enzymes (mono-ADP- 
ribosyltransferases and poly-ADP-ribose poly- 
merases) that separate the niacin moiety from 
NAD and transfer ADP-ribose to proteins 
(Fig. 3.2). Mono-ADP-ribosyltransferases were 
first discovered in certain bacteria, in which they 
were found to produce toxins, such as cholera 
and diphtheria. These enzymes and their prod- 
ucts, ADP-ribosylated proteins, have also been 
found in the cells of mammals and are thought to 
play a role in cell signaling by affecting G-protein 
activity. G-proteins are proteins that bind 
guanosine-5'-triphosphate (GTP) and act as in- 
termediaries in a number of cell-signaling path- 
ways. Poly-ADP-ribose polymerases (PARPs) are 
enzymes that catalyze the transfer of many ADP- 
ribose units from NAD to acceptor proteins. 
PARPs appear to function in DNA repair and 
stress responses, cell signaling, transcription, 
regulation, apoptosis, chromatin structure, and 
cell differentiation, suggesting a possible role for 
NAD in cancer prevention. At least five different 
PARPs have been identified and, although their 
functions are not yet well understood, their exis- 
tence indicates a potential for considerable con- 
sumption of NAD.‘ A third class of enzymes (ADP- 
ribosyl cyclases) catalyzes the formation of cyclic 
ADP-ribose, a molecule that works within cells to 


ADP-ribose 
NAD*(NADP*) 


Niacin coenzyme 


Fig. 3.1 Chemical structures of niacin and related compounds. 
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Tryptophan 


Nicotinic acid 


Mononuc 


Nicotinamide 


Mononucleotide ie 


Poly-ADP-ribosylation 
of proteins 


ADP-ribosylation 
of proteins 


Fig. 3.2 Synthesis of nicotinamide adenine dinucleotide 
(NAD). NAD is required for numerous redox reactions. It is 
also consumed in ADP-ribosylation reactions. AMP, ade- 
nosine monophosphate; ADP, adenosine diphosphate; 


provoke the release of calcium ions from internal 
storage sites and probably also plays a role in cell 
signaling.! 


Deficiency 


Pellagra 


The late stage of severe niacin deficiency is 
known as pellagra. Early records of pellagra fol- 
lowed the widespread cultivation of corn in Eu- 
rope in the 1700s.! The disease was generally as- 
sociated with poorer social classes whose chief 
dietary staple consisted of cereals such as corn or 
sorghum. Pellagra was also common in the 
southern United States during the early 1900s 
where income was low and corn products were a 
major dietary staple.° Interestingly, pellagra was 
not known in Mexico, where also corn was an im- 
portant dietary staple and much of the popula- 
tion was poor. In fact, corn contains appreciable 
amounts of niacin, but it is present in a bound 
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dinucleotide 


Glutamine 


Glutamic 


ATP PP acid 
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Nicotinamide 
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dinucleotide 


AMP (NAD) 
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ADP-ribose 


Redox 
reactions 


ATP, adenosine triphosphate; PARP, poly-ADP-ribose poly- 
merase; PP,, inorganic pyrophosphate; PRPP, phosphori- 
bosyl pyrophosphate. 


form that is not nutritionally available to hu- 
mans. The traditional preparation of corn torti- 
llas in Mexico involves soaking the corn in a lime 
(calcium oxide) solution, before cooking. Heating 
the corn in an alkaline solution results in the re- 
lease of bound niacin, increasing its bioavailabil- 
ity. 

The most common symptoms of niacin defi- 
ciency involve the skin, digestive system, and 
nervous system.? The symptoms of pellagra were 
commonly referred to as the four Ds: dermatitis, 
diarrhea, dementia, and death. In the skin, a 
thick, scaly, darkly pigmented rash develops 
symmetrically in areas exposed to sunlight. In 
fact, the word “pellagra” comes from the Italian 
phrase for rough or raw skin. Symptoms related 
to the digestive system include a bright red 
tongue, vomiting, and diarrhea. Neurological 
symptoms include headache, apathy, fatigue, de- 
pression, disorientation, and memory loss. If un- 
treated, pellagra is ultimately fatal.3 


r 


Nutrient Interactions 


Tryptophan and niacin. In addition to its synthe- 
sis from dietary niacin, NAD may also be synthe- 
sized in the liver from the dietary amino acid, 
tryptophan. The relative ability to make this con- 
version varies greatly from mice to humans. The 
synthesis of niacin from tryptophan also depends 
on enzymes that require vitamin Bę and ribofla- 
vin as well as an enzyme containing heme (iron). 
On average, 1 mg niacin can be synthesized from 
the ingestion of 60 mg tryptophan. Thus, 60 mg 
tryptophan is considered to be 1 mg of niacin 
equivalents (NE). However, studies of pellagra in 
the southern United States during the early 
twentieth century indicated that the diets of 
many individuals who had pellagra contained 
enough NE to prevent pellagra, challenging the 
idea that 60 mg dietary tryptophan is equivalent 
to 1 mg niacin. In particular, one study in young 
men found that the tryptophan content of the 
diet had no effect on the decrease in red blood 
cell niacin content that resulted from low dietary 
niacin.” 


Causes of niacin deficiency. Niacin deficiency or 
pellagra may result from inadequate dietary in- 
take of niacin and/or tryptophan. As mentioned 
above, other nutrient deficiencies may also con- 
tribute to the development of niacin deficiency; 
for example, patients with Hartnup disease, a he- 
reditary disorder resulting in defective trypto- 
phan absorption, have developed pellagra.? Car- 
cinoid syndrome, a condition of increased secre- 


Table 3.1 Recommended dietary allowance for niacin 


Disease Prevention 


tion of serotonin and other catecholamines by 
carcinoid tumors, may also result in pellagra due 
to increased utilization of dietary tryptophan for 
serotonin rather than niacin synthesis. Further, 
prolonged treatment with the anti-tuberculosis 
drug, isoniazid, has resulted in niacin deficiency.® 


Recommended Dietary 
Allowance 


The recommended dietary allowance (RDA) for 
niacin, revised in 1998, was based on the preven- 
tion of deficiency (Table 3.1). Pellagra can be pre- 
vented by about 11 mg NE/day, but 12-16 mg/ 
day has been found to normalize the urinary ex- 
cretion of niacin metabolites (breakdown prod- 
ucts) in healthy young adults. As pellagra repre- 
sents severe deficiency, the Food and Nutrition 
Board (FNB) of the Institute of Medicine chose to 
use the excretion of niacin metabolites as an in- 
dicator of niacin nutritional status rather than 
symptoms of pellagra. However, some research- 
ers feel that cellular NAD and NADP content may 
be more relevant indicators of niacin nutritional 
status,’219 


Disease Prevention 


Cancer 


Studies of cultured cells (in vitro) provide evi- 
dence that NAD content influences the cellular 
response to DNA damage, an important risk fac- 
tor in cancer development. Cellular NAD is con- 


Males (mg NE*/day) Females (mg NE/day) 


en e a 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breast-feeding All ages 


Al, adequate intake; NE, niacin equivalent. 
a1 mg NE = 60 mg tryptophan = 1 mg niacin. 
b2 mg preformed niacin/day. 
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sumed in the synthesis of ADP-ribose polymers, 
which play a role in DNA repair, and cyclic ADP- 
ribose may also mediate cell-signaling pathways 
important in cancer prevention.'! In addition, 
cellular depletion of NAD has been found to de- 
crease levels of the tumor-suppressor protein, 
p53, in human breast, skin, and lung cells.!° Nei- 
ther the cellular NAD content nor the dietary in- 
take of NAD precursors (niacin and tryptophan) 
necessary for optimizing protective responses 
after DNA damage has been determined, but both 
are likely to be higher than that required for the 
prevention of pellagra. Niacin deficiency was 
found to decrease bone marrow NAD and poly- 
ADP-ribose levels and increase the risk of chemi- 
cally induced leukemia.'? Moreover, one study 
reported that niacin supplementation decreased 
the risk of ultraviolet light-induced skin cancers 
in mice.!? However, little is known about cellular 
NAD levels and the prevention of DNA damage or 
cancer in humans. One study in two healthy indi- 
viduals involved elevating NAD levels in blood 
lymphocytes by supplementation with 100 mg 
nicotinic acid/day for 8 weeks. Compared with 
nonsupplemented individuals, the supplement- 
ed individuals had reduced DNA strand breaks in 
lymphocytes exposed to free radicals in a test 
tube assay.'4 More recently, nicotinic acid sup- 
plementation of up to 100 mg/day in 21 healthy 
smokers failed to provide any evidence of a de- 
crease in cigarette smoke-induced genetic dam- 
age in blood lymphocytes compared with place- 
bo.!5 

Generally, relationships between dietary fac 
tors and cancer are established first in epidemio- 
logical studies and followed up by basic cancer 
research at the cellular level. In the case of niacin, 
research on biochemical and cellular aspects of 
DNA repair has stimulated an interest in the rela- 
tionship between niacin intake and cancer risk in 
human populations.'® A large case-control study 
found increased consumption of niacin, along 
with antioxidant nutrients, to be associated with 
decreased incidence of oral (mouth), pharyngeal 
(throat), and esophageal cancers in northern Italy 
and Switzerland.!7!8 An increase in niacin intake 
of 6.2 mg was associated with about a 40% de- 
crease in cases of cancers of the mouth and 
throat, whereas a 5.2 mg increase in niacin intake 
was associated with a similar decrease in cases of 
esophageal cancer. 


Type 1 Diabetes Mellitus 


Type 1 diabetes mellitus, formerly called insulin- 
dependent diabetes mellitus in children, is 
known to result from the autoimmune destruc 
tion of insulin-secreting ß cells in the pancreas. 
Before the onset of symptomatic diabetes, spe- 
cific antibodies, including islet cell antibodies 
(ICAs), can be detected in the blood of high-risk 
individuals. The ability to detect individuals at 
high risk for the development of type 1 diabetes 
led to the enrollment of high-risk siblings of chil- 
dren with type 1 diabetes into trials designed to 
prevent its onset. Evidence from in vitro and ani- 
mal research indicates that high levels of nicotin- 
amide protect ß cells from damage by toxic 
chemicals, inflammatory white blood cells, and 
reactive oxygen species. Pharmacological doses 
of nicotinamide (up to 3 g/day) were first used to 
protect ß cells in patients shortly after the onset 
of type 1 diabetes. An analysis of ten published 
trials (five placebo controlled) found evidence of 
improved ß-cell function after 1 year of treat- 
ment with nicotinamide, but the analysis failed 
to find any clinical evidence of improved glyce- 
mic (blood glucose) control.'? 

High doses of nicotinamide have been found 
to decrease insulin sensitivity in high-risk rela- 
tives of patients with type 1 diabetes,2° which 
might explain the finding of improved B-cell 
function without concomitant improvement in 
glycemic control. Several pilot studies for the 
prevention of type 1 diabetes in ICA-positive rel- 
atives of patients with type 1 diabetes yielded 
conflicting results, whereas a Jarge randomized 
trial in schoolchildren that was not placebo con- 
trolled found a significantly lower incidence of 
type 1 diabetes in the nicotinamide-treated 
group. A large, multicenter, randomized con- 
trolled trial of nicotinamide in ICA-positive sib- 
lings of patients with diabetes aged between 
3 and 12 years recently failed to find a difference 
in the incidence of type 1 diabetes after 3 years.!9 
Another large multicenter trial of nicotinamide 
in high-risk relatives of patients with type 1 dia- 
betes is currently in progress.*! Unlike nicotin- 
amide, nicotinic acid has not been found to be 
effective in the prevention of type 1 diabetes. 
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Disease Treatment 


High Cholesterol and 
Cardiovascular Disease 


Pharmacological doses of nicotinic acid, but not 
nicotinamide, have been known to reduce serum 
cholesterol since 1955.?? Today, niacin is com- 
monly prescribed with other lipid-lowering 
medications. However, one randomized, placebo- 
controlled, multicenter trial examined the effect 
of nicotinic acid therapy (3 g/day), alone, on out- 
comes of cardiovascular disease. Specifically, the 
Coronary Drug Project (CDP) followed more than 
8000 men with a previous myocardial infarction 
(heart attack) for 6 years. Compared with the 
placebo group, the group that took 3 g/day of 
nicotinic acid experienced an average 10% reduc- 
tion in total blood cholesterol, a 26% decrease in 
triglycerides, a 27% reduction in recurrent nonfa- 
tal myocardial infarction, and a 26% reduction in 
cerebrovascular events (stroke + transient isch- 
emic attacks). Although nicotinic acid therapy 
did not decrease total deaths or deaths from car- 
diovascular disease during the 6-year study pe- 
riod, post-trial follow-up 9 years later revealed a 
10% reduction in total deaths with nicotinic acid 
treatment. Four out of five major cardiovascular 
outcome trials found nicotinic acid in combina- 
tion with other therapies to be of statistically sig- 
nificant benefit in men and women.” Nicotinic 
acid therapy markedly increases high-density 
lipoprotein (HDL)-cholesterol levels, decreases 
serum Lp(a) (lipoprotein-a) concentrations, and 
shifts small, dense low-density lipoprotein (LDL) 
particles to large, buoyant LDL particles; all of 
these changes in the blood lipid profile are con- 
sidered cardioprotective. 

As a result of the adverse side effects associ- 
ated with high doses of nicotinic acid (see under 
“Safety,” p. 22), it has most recently been used in 
combination with other lipid-lowering medica- 
tions in slightly lower doses.” A recent random- 
ized controlled trial found that a combination of 
nicotinic acid (2-3 g/day) and a cholesterol-low- 
ering drug (simvastatin) resulted in greater ben- 
efits on serum HDL levels and cardiovascular 
events, such as heart attack and stroke, than pla- 
cebo in patients with coronary artery disease and 
low HDL levels. However, an antioxidant com- 
bination (vitamin E, vitamin C, selenium, and f- 
carotene) appeared to blunt the beneficial effects 


Disease Treatment 


of niacin plus simvastatin.”® The effects of niacin 
are dose dependent.’ A placebo-controlled study 
in 39 patients taking statins (cerivastatin, atorv- 
astatin, or simvastatin) found that a very low 
dose of niacin, 100 mg daily, increased HDL-cho- 
lesterol by only 2.1 mg/dL, and the combination 
had no effect on LDL-cholesterol, total choles- 
terol, or triglyceride levels.28 Doses of niacin 
higher than 1 g/day are typically used to treat 
hyperlipidemia. A few case reports have raised 
concerns that concurrent use of niacin and 
statins may result in myopathy; however, clinical 
trials have not confirmed such adverse ef- 
fects.2329 

Although it is a nutrient, at the pharmacologi- 
cal dose required for cholesterol-lowering ef- 
fects, the use of nicotinic acid should be ap- 
proached as if it were a drug. Individuals should 
only undertake cholesterol-lowering therapy 
with nicotinic acid under the supervision of a 
qualified health-care provider in order to mini- 
mize potentially adverse effects and maximize 
therapeutic benefits. 


Human Immunodeficiency Virus 


It has been hypothesized that infection with hu- 
man immunodeficiency virus (HIV), the virus 
that causes acquired immune deficiency syn- 
drome (AIDS), increases the risk of niacin defi- 
ciency. Interferon-y (IF-y) is a cytokine produced 
by cells of the immune system in response to in- 
fection. IF-y levels are elevated in individuals in- 
fected with HIV, and higher IF-y levels have been 
associated with poorer prognoses. By stimulating 
the enzyme, indoleamine-2,3-dioxygenase (IDO), 
IF-y increases the breakdown of tryptophan, a 
niacin precursor, thus supporting the idea that 
HIV infection increases the risk of niacin defi- 
ciency.?? In a very small, uncontrolled study, 
treatment of four HIV-positive individuals with 
1000-1500 mg/day of nicotinamide for 2 months 
resulted in 40% increases in plasma tryptophan 
levels.2! An observational study of 281 HIV-posi- 
tive men found that higher levels of niacin intake 
were associated with decreased progression rate 
to AIDS and improved survival.32 
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Sources 
Food Sources 


Good sources of niacin include yeast, meat, poul- 
try, red fishes (e.g., tuna, salmon), cereals (espe- 
cially fortified cereals), legumes, and seeds. Milk, 
green leafy vegetables, coffee, and tea also pro- 
vide some niacin? In plants, especially mature 
cereal grains such as corn and wheat, niacin may 
be bound to sugar molecules in the form of glyco- 
sides, which significantly decrease niacin bio- 
availability.® 

In the United States, the average dietary in- 
take of niacin is about 30 mg/day for young men 
and 20 mg/day for young women. In a sample of 
adults aged over 60, men and women were found 
to have an average dietary intake of 21 and 
17 mg/day, respectively. Some foods with sub- 
stantial amounts of niacin are listed in Table 3.2 
along with their niacin content. Food composi- 
tion tables generally list niacin content without 
including NE from tryptophan, or any adjustment 
for niacin bioavailability. 


Supplements 


Niacin supplements are available as nicotin- 
amide or nicotinic acid. Nicotinamide is the form 
of niacin typically used in nutritional supple- 
ments and in food fortification. Nicotinic acid is 


Table 3.2 Food sources of niacin 


available over the counter and with a prescrip- 
tion as a cholesterol-lowering agent.?? The no- 
menclature for nicotinic acid formulations can be 
confusing. Nicotinic acid is available over the 
counter in an “immediate-release” (crystalline) 
and “slow-release” or “timed-release” form. A 
shorter-acting timed-release preparation re- 
ferred to as “intermediate-release” or “extended- 
release” nicotinic acid is available by prescrip- 
tion.2435 Due to the potential for side effects, 
medical supervision is recommended for the use 
of nicotinic acid as a cholesterol-lowering agent. 


Safety 
Toxicity 


Niacin from foods is not known to cause adverse 
effects. Although one study noted adverse effects 
after consumption of bagels with 60 times the 
normal amount of niacin fortification, most ad- 
verse effects have been reported with pharmaco- 
logical preparations of niacin.’ 


Nicotinic acid. Common side effects of nicotinic 
acid include flushing, itching, and gastrointesti- 
nal disturbances such as nausea and vomiting. 
Hepatotoxicity (liver cell damage), including ele- 
vated liver enzymes and jaundice, has been ob- 
served at intakes as low as 750 mg nicotinic acid/ 
day for less than 3 months.3435 Hepatitis has been 


Food Serving Niacin (mg) 
Cereal, fortified 1 cup 20-27 
Tuna, light, packed in water 3 ounces? 11.3 
Salmon, chinook 3 ounces,’ cooked 8.5 
Chicken, light meat 3 ounces,’ cooked without skin 73) 
Turkey, light meat 3 ounces,’ cooked without skin 5.8 
Cereal, unfortified 1 cup 5-7 
Peanuts 1 ounce, dry roasted 3.8 
Beef, lean 3 ounces, cooked 3.1 
Pasta, enriched 1 cup, cooked 2.3 
Lentils 1 cup, cooked 2.1 
Lima beans 1 cup, cooked 1.8 
Bread, whole-wheat 1 slice 1.33 
Coffee, brewed 1 cup 0.5 


aA 3-ounce serving of meat or fish is about the size of a deck of cards. 


Safety 


ee es 


observed with timed-release nicotinic acid at 
dosages as small as 500 mg/day for 2 months, al- 
though almost all reports of severe hepatitis have 
been associated with the timed-release form of 
nicotinic acid at doses of 3-9 g/day used to treat 
high cholesterol for months or years.’ Immedi- 
ate-release (crystalline) nicotinic acid appears to 
be less toxic to the liver than extended-release 
forms. Immediate-release nicotinic acid is often 
used at higher doses than timed-release forms, 
and severe liver toxicity has occurred in individ- 
uals who substituted timed-release niacin for 
immediate-release niacin at equivalent doses.3? 

Skin rashes and dry skin have been noted with 
nicotinic acid supplementation. Transient epi- 
sodes of low blood pressure (hypotension) and 
headache have also been reported. Large doses of 
nicotinic acid have been observed to impair glu- 
cose tolerance, likely due to decreased insulin 
sensitivity. Impaired glucose tolerance in suscep- 
tible (pre-diabetic) individuals could result in el- 
evated blood glucose levels and clinical diabetes. 
Elevated blood levels of uric acid, occasionally 
resulting in attacks of gout in susceptible indi- 
viduals, have also been observed with high-dose 
nicotinic acid therapy.*4 Nicotinic acid at doses of 
1.5-5.0 g/day has resulted in a few case reports of 
blurred vision and other eye problems, which 
have generally been reversible on discontinua- 
tion. People with abnormal liver function or a 
history of liver disease, diabetes, active peptic 
ulcer disease, gout, cardiac arrhythmias, inflam- 
matory bowel disease, migraine headaches, and 
alcoholism may be more susceptible to the ad- 
verse effects of excess nicotinic acid intake than 
the general population.’ 


Nicotinamide. Nicotinamide is generally better 
tolerated than nicotinic acid. It does not usually 
cause flushing. However, nausea, vomiting, and 
signs of liver toxicity (elevated liver enzymes, 
jaundice) have been observed at doses of 3g/ 
day.* Nicotinamide has resulted in decreased in- 
sulin sensitivity at doses of 2 g/day in adults at 
high risk for type 1 diabetes.2° 


The tolerable upper intake level. Flushing of the 
skin, primarily on the face, arms, and chest, is a 
common side effect of nicotinic acid and may oc 
cur initially at doses as low as 30 mg/day. Al- 
though flushing from nicotinamide is rare, the 
FNB set the tolerable upper intake level (UL) for 


Table 3.3 Tolerable upper intake level (UL) for niacin 


Life stage Age UL (mg/day) 

Infants 0-12 months Not possible 
to establish? 

Children 1-3 years 10 

Children 4-8 years 15 

Children 9-13 years 20 

Adolescents 14-18 years 30 

Adults >19 years 35 


*Source of intake should be from food and formula only. 


* 


niacin (nicotinic acid and nicotinamide) at 35 mg/ 
day to avoid the adverse effect of flushing (Table 
3.3). The UL applies to the general population 
and is not meant to apply to individuals who are 
being treated with a nutrient under medical su- 
pervision, as should be the case with high-dose 
nicotinic acid for elevated blood cholesterol lev- 
els.® 


Drug Interactions 


Coadministration of nicotinic acid with lovas- 
tatin (another cholesterol-lowering medication) 
may have resulted in rhabdomyolysis in a small 
number of case reports.?? Rhabdomyolysis is a 
relatively uncommon condition in which muscle 
cells are broken down, releasing muscle enzymes 
and electrolytes into the blood, and sometimes 
resulting in kidney failure, A three-year random- 
ized controlled trial in 160 patients with docu- 
mented coronary heart disease (CHD) and low 
HDL levels found that a combination of simvas- 
tatin and niacin increased HDL2 levels, inhibited 
the progression of coronary artery stenosis (nar- 
rowing), and decreased the frequency of cardio- 
vascular events such as myocardial infarction 
and stroke.2° However, concurrent therapy with 
antioxidants (1000 mg/day vitamin C, 800 1U/day 
a-tocopherol, 100 g/day selenium, and 25 mg/ 
day B-carotene) diminished the protective effects 
of the simvastatin-niacin combination. Although 
the mechanism for these effects is not known, 
some scientists have questioned the benefit of 
concurrent antioxidant therapy in patients on 
lipid-lowering agents.*© 

Several other medications may interact with 
niacin therapy or with absorption and metabo- 
lism of the vitamin. Sulfinpyrazone is a medica- 
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tion for the treatment of gout that promotes ex- 
cretion of uric acid from the blood into urine. 
Nicotinic acid may inhibit this “uricosuric” effect 
of sulfinpyrazone.? Long-term administration of 
the cancer chemotherapy agent, 5-fluorouracil 
(5-FU), has been reported to cause symptoms of 
pellagra, and thus niacin supplementation may 
be needed. Niacin supplementation is also rec 
ommended during long-term treatment of tu- 
berculosis with isoniazid, a niacin antagonist, 
because such treatment has resulted in pellagra- 
like symptoms.?’ Further, estrogen and estrogen- 
containing oral contraceptives increase the effi- 
ciency of niacin synthesis from tryptophan, re- 
sulting in a decreased dietary requirement for 
niacin.? 


LPI Recommendation 


The optimum intake of niacin for health promotion and 
chronic disease prevention is not yet known. The RDA 
(16mg NE/day for men and 14 mg NE/day for women) 
is easily obtainable in a varied diet and should prevent 
deficiency in most people. Following the Linus Pauling 
Institute recommendation to take a daily multivitamin/ 
mineral supplement, containing 100% of the daily value 
for niacin, will provide at least 20 mg niacin daily. 


Older Adults 

Dietary surveys indicate that 15%-25% of older adults 
do not consume enough niacin in their diets to meet 
the RDA (16 mg NE/day for men and 14 mg NE/day for 
women), and that dietary intake of niacin decreases be- 
tween the ages of 60 and 90 years. Thus, it is advisable 
for older adults to supplement their dietary intake with 
a multivitamin/multimineral supplement, which will 
generally provide at least 20 mg niacin daily. 
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4 Pantothenic Acid 


Pantothenic acid, also known as vitamin Bs, is es- 
sential to all forms of life.! It is found throughout 
living cells in the form of coenzyme A (CoA), a 
vital coenzyme in numerous chemical reactions.? 


Function 


Coenzyme A 


Pantothenic acid is a component of CoA, an es- 
sential coenzyme in a variety of reactions that 
sustain life. CoA is required for chemical reac- 
tions that generate energy from food (fat, carbo- 
hydrates, and proteins). The synthesis of essen- 
tial fats, cholesterol, and steroid hormones re- 
quires CoA, as does the synthesis of the neu- 
rotransmitter acetylcholine, and the hormone 
melatonin. Heme, a component of hemoglobin, 
requires a CoA-containing compound for its syn- 
thesis. Metabolism of a number of drugs and tox- 
ins by the liver requires CoA? 

Coenzyme A was named for its role in acetyla- 
tion reactions. Most acetylated proteins in the 
body have been modified by the addition of an 
acetate group donated by CoA. Protein acetyla- 
tion affects the three-dimensional structure of 
proteins, potentially altering their function; for 
example, acetylation reactions can alter the ac- 
tivity of peptide hormones. Protein acetylation 
appears to play a role in cell division and DNA 
replication, and also affects gene expression by 
facilitating the transcription of mRNA. In addi- 
tion, a number of proteins are modified by the 
attachment of long-chain fatty acids donated by 
CoA. These modifications are known as protein 
acylation and appear to play a central role in cell 
signaling.4 


Acyl-carrier Protein 


The acyl-carrier protein requires pantothenic 
acid in the form of 4'-phosphopantetheine for its 
activity as an enzyme.*° Both CoA and the acyl- 
carrier protein are required for the synthesis of 
fatty acids, Fatty acids are a component of some 
lipids, which are fat molecules essential for nor- 


mal physiological function. Among these essen- 
tial fats are sphingolipids, which are a compo- 
nent of the myelin sheath that enhances nerve 
transmission. Another example of these essential 
fats is the phospholipids that reside in cell mem- 
branes. 


Deficiency 


Naturally occurring pantothenic acid deficiency 
in humans is very rare and has been observed 
only-in cases of severe malnutrition. World War Il 
prisoners in the Philippines, Burma, and Japan 
experienced numbness and painful burning and 
tingling in their feet; these symptoms were re- 
lieved specifically by pantothenic acid.* Panto- 
thenic acid deficiency in humans has been in- 
duced experimentally by coadministering a pan- 
tothenic acid antagonist and a pantothenic acid- 
deficient diet. Participants in this experiment 
complained of headache, fatigue, insomnia, in- 
testinal disturbances, and numbness and tingling 
of their hands and feet. In a more recent study, 
participants fed only a pantothenic acid-free diet 
did not develop clinical signs of deficiency, al- 
though some appeared listless and complained of 
fatigue.’ Homopantothenate is a pantothenic 
acid antagonist with cholinergic effects (similar 
to those of the neurotransmitter acetylcholine). 
It was used in Japan to enhance mental function, 
especially in Alzheimer disease. A rare side effect 
was the development of hepatic encephalopathy, 
a condition of abnormal brain function resulting 
from failure of the liver to eliminate toxins. The 
encephalopathy was reversed by pantothenic 
acid supplementation, suggesting but not prov- 
ing that it was due to pantothenic acid deficiency 
caused by the antagonist. 

As pantothenic acid deficiency is so rare in 
humans, most information about the effects of 
deficiency comes from experimental research in 
animals. Pantothenic acid-deficient rats devel- 
oped damage to the adrenal glands, whereas 
monkeys developed anemia due to decreased 
synthesis of heme, a component of hemoglobin. 


Dogs with pantothenic acid deficiency developed 
low blood glucose, rapid breathing and heart 
rates, and convulsions. Chickens developed skin 
irritation, feather abnormalities, and spinal nerve 
damage associated with the degeneration of the 
myelin sheath. Pantothenic acid-deficient mice 
showed decreased exercise tolerance and dimin- 
ished storage of glucose (in the form of glycogen) 
in muscle and liver. Mice also developed skin ir- 
ritation and graying of the fur, which was re- 
versed by giving pantothenic acid. This finding 
led to the idea of adding pantothenic acid to 
shampoo, although it has not been successful in 
restoring hair color in humans.‘ The diversity of 
symptoms emphasizes the numerous functions 
of pantothenic acid in its coenzyme forms. 


Adequate Intake 


The Food and Nutrition Board (FNB) of the Insti- 
tute of Medicine felt that the existing scientific 
evidence was insufficient to calculate a recom- 
mended dietary allowance (RDA) for pantothenic 
acid, so they set an adequate intake (Al). The Al 
for pantothenic acid (Table 4.1) was based on es- 
timated dietary intakes in healthy population 
groups.® 


Disease Prevention 


Currently, there is insufficient evidence to sup- 
port the use of pantothenic acid to prevent dis- 
eases or health conditions other than frank pan- 
tothenic acid deficiency, which appears to be 
quite rare in humans (see “Deficiency,” p. 26). 


Table 4.1 Adequate intake for pantothenic acid 


Disease Treatment 


Disease Treatment 
Wound Healing 


Administration of oral pantothenic acid and ap- 
plication of pantothenol ointment to the skin 
have been shown to accelerate the closure of skin 
wounds and increase the strength of scar tissue 
in animals. Adding calcium p-pantothenate to 
cultured human skin cells given an artificial 
wound increased the number of migrating skin 
cells and their speed of migration, effects likely to 
accelerate wound healing.? However, there are 
few data to support accelerated wound healing in 
humans. A randomized, double-blind study in 
patients undergoing surgery for tattoo removal 
found that supplementation with 1000 mg vita- 
min C and 200 mg pantothenic acid did not sig- 
nificantly improve the wound-healing process.!° 


High Cholesterol 


A pantothenic acid derivative called pantethine 
has been reported by a number of investigators to 
have a cholesterol-lowering effect. Pantethine is 
actually two molecules of pantetheine joined by 
a disulfide bond (chemical bond between two 
molecules of sulfur). In the synthetic pathway of 
CoA, pantethine is closer to CoA than pantothenic 
acid and is the functional component of CoA and 
acyl-carrier proteins, Several studies found doses 
of 900 mg pantethine daily (300 mg three times 
daily) to be significantly more effective than pla- 
cebo in lowering total cholesterol and triglycer- 
ide levels in the blood of both diabetic and non- 
diabetic individuals.!! Pantethine was also found 
to lower cholesterol and triglyceride levels in 


Life stage Age Males (mg/day) Females (mg/day) 
Infants 0-6 months (le 17 

Infants 7-12 months 1.8 1.8 

Children 1-3 years 2 P 

Children 4-8 years 3 3 

Children 9-13 years 4 4 

Adolescents 14-18 years 5 5 

Adults 219 years 5 5 

Pregnancy All ages = 6 

Breastfeeding All ages - 7 
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diabetic patients on hemodialysis with no ad- 
verse side effects. The fact that pantethine has 
few side effects was particularly attractive for 
hemodialysis patients as a result of the increased 
risk of drug toxicity in patients with renal (kid- 
ney) failure.'? Pantethine is not a vitamin; it is a 
derivative of pantothenic acid. The decision to 
use pantethine to treat elevated blood cholesterol 
or triglycerides should be made in collaboration 
with a qualified health-care provider who can 
give appropriate follow-up. 


Sources 


Food Sources 


Pantothenic acid is available in a variety of foods. 
Rich sources include liver and kidney, yeast, egg 
yolk, and broccoli. Fish, shellfish, chicken, milk, 
yogurt, legumes, mushrooms, avocados, and 
sweet potatoes are also good sources. Whole 
grains are good sources of pantothenic acid, but 
the processing and refining of grains may result 
in a 35%-75% loss. Freezing and canning of foods 
result in similar losses. Large national, nutri- 
tional surveys were unable to estimate panto- 
thenic acid intake due to the scarcity of data on 
the pantothenic acid content of food. Smaller 
studies estimate average daily intakes of panto- 
thenic acid to be from 5 mg/day to 6 mg/day in 
adults. Table 4.2 lists some rich sources of panto- 
thenic acid along with their content. 


Intestinal Bacteria 


The bacteria that normally colonize the colon 
(large intestine) are capable of making their own 
pantothenic acid. It is not yet known whether hu- 
mans can absorb the pantothenic acid synthe- 
sized by their own intestinal bacteria in mean- 
ingful amounts. However, a specialized process 
for the uptake of biotin and pantothenic acid was 
identified in cultured cells derived from the lin- 
ing of the colon, suggesting that humans may be 
able to absorb pantothenic acid and biotin pro- 
duced by intestinal bacteria.'? 


Supplements 


Pantothenic acid. Supplements commonly con- 
tain pantothenol, a more stable alcohol deriva- 
tive, which is rapidly converted to pantothenic 


Table 4.2 Food sources of pantothenic acid 


- Food Serving Pantothenic 
acid (mg) 

Avocado, California 1 whole 1.99 
Yogurt 8 ounces 1.35 
Chicken, cooked 3 ounces? 0.98 
Sweet potato, 1 medium 0.88 
cooked (% cup) 

Milk 1 cup (8 ounces) 0.83 
Lentils, cooked Y cup 0.63 

Egg, cooked 1 large 0.61 

Split peas, cooked ‘cup 0.58 
Mushrooms, raw %2 cup, chopped 0.52 
Broccoli, cooked %2 cup, chopped 0.48 
Lobster, cooked 3 ounces? 0.24 
Bread, whole wheat 1 slice 0.19 
Tuna, light, canned 3 ounces? 0.18 

in water 

Fish, cod, cooked 3 ounces? 0.15 


3A 3-ounce serving of meat or seafood is about the size 
of a deck of cards. 


acid by humans. Calcium and sodium p-panto- 
thenate, the calcium and sodium salts of panto- 
thenic acid, are also available as supplements.* 


Pantethine. Pantethine is used as a cholesterol- 
lowering agent in Europe and Japan and is avail- 
able in the United States as a dietary supple- 
ment.!4 


Safety 
Toxicity 


Pantothenic acid is not known to be toxic in hu- 
mans. The only adverse effect noted was diarrhea 
resulting from very high intakes of 10-20 g/day 
of calcium p-pantothenate.'!> However, there is 
one case report of life-threatening eosinophilic 
pleuropericardial effusion in an elderly woman 
who took a combination of 10 mg/day of biotin 
and 300mg/day of pantothenic acid for 2 
months.'® Due to the lack of reports of adverse 
effects when the dietary reference intakes (DRIs) 
for pantothenic acid were established in 1998, 
the FNB did not establish a tolerable upper intake 
level (UL) for pantothenic acid. Pantethine is 


Safety 


generally well tolerated in doses up to 1200 mg/ 
day. However, gastrointestinal side effects, such 
as nausea and heartburn, have been reported."4 


Drug Interactions 


Oral contraceptives (birth control pills) contain- 
ing estrogen and progestin may increase the re- 
quirement for pantothenic acid.'> Use of pante- 
thine in combination with hydroxymethylgluta- 
ryl (HMG)-CoA reductase inhibitors (statins) or 
nicotinic acid may produce additive effects on 
blood lipids.'4 


LPI Recommendation 


Little is known about the amount of dietary pantothen- 
ic acid required to promote optimal health or prevent 
chronic disease. The Linus Pauling Institute supports 
the recommendation by the FNB of 5 mg/day of panto- 
thenic acid for adults. A varied diet should provide 
enough pantothenic acid for most people. Following 
the Linus Pauling Institute recommendation to take a 
daily multivitamin/mineral supplement, containing 
100% of the daily value, will ensure an intake of at least 
5 mg/day of pantothenic acid. 


Older Adults 

Currently there is little evidence that older adults differ 
in their intake or requirement for pantothenic acid. 
Most multivitamin/multimineral supplements provide 
at least 5 mg/day of pantothenic acid. 
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5 Riboflavin 


Riboflavin is a water-soluble B vitamin, also 
known as vitamin B,. In the body, riboflavin is 
primarily found as an integral component of the 
coenzymes, flavin adenine dinucleotide (FAD) 
and flavin mononucleotide (FMN).! Coenzymes 
derived from riboflavin are termed “flavocoen- 
zymes,” and enzymes that use a flavocoenzyme 
are called “flavoproteins.”2 


Function 


Oxidation-Reduction 
(Redox) Reactions 


Living organisms derive most of their energy 
from oxidation-reduction (redox) reactions, 
which are processes that involve the transfer of 
electrons. Flavocoenzymes participate in redox 
reactions in numerous metabolic pathways.? 
They are critical for the metabolism of carbohy- 
drates, fats, and proteins. FAD is part of the elec 
tron transport (respiratory) chain, which is cen- 
tral to energy production. Together with cyto- 
chrome P450, flavocoenzymes also participate in 
the metabolism of drugs and toxins.4 


Glutathione reductase 


| Riboflavin | 
(FAD) 


NADPH+Ht 


Fig.5.1 The glutathione oxidation-reduction (redox) cy- 
cle. One molecule of hydrogen peroxide is reduced to two 
molecules of water, and two molecules of glutathione 
(GSH) are oxidized in a reaction catalyzed by the seleno- 


Reduced Glutathione 
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Oxidized Glutathione 


Antioxidant Functions 


Glutathione reductase. This is an FAD-depen- 
dent enzyme that participates in the redox cycle 
of glutathione. The glutathione redox cycle plays 
a major role in protecting organisms from reac 
tive oxygen species, such as hydroperoxides. Glu- 
tathione reductase requires FAD to regenerate 
two molecules of reduced glutathione from oxi- 
dized glutathione. Riboflavin deficiency has been 
associated with increased oxidative stress.4 Mea- 
surement of glutathione reductase activity in red 
blood cells is commonly used to assess riboflavin 
nutritional status.” 


Glutathione peroxidase. This a selenium-con- 
taining enzyme, requiring two molecules of re- 
duced glutathione to break down hydroperox- 
ides (Fig. 5.1). 


Xanthine oxidase. This is another FAD-depen- 
dent enzyme, which catalyzes the oxidation of 
hypoxanthine and xanthine to uric acid. Uric acid 
is one of the most effective water-soluble anti- 
oxidants in the blood. Riboflavin deficiency can 
result in decreased xanthine oxidase activity, re- 
ducing blood uric acid levels.® 


Glutathione peroxidase 


enzyme glutathione peroxidase. Oxidized glutathione 
(GSSG) may be reduced by the flavin adenine dinucleotide 
(FAD)-dependent enzyme glutathione reductase. 


Deficiency 


, 


Nutrient Interactions 


B-complex vitamins. As flavoproteins are in- 
volved in the metabolism of several other vita- 
mins (vitamin Bg, niacin, and folic acid), severe 
riboflavin deficiency may affect many enzyme 
systems. Conversion of most naturally available 
vitamin Bg, to its coenzyme form, pyridoxal 
5'-phosphate (PLP), requires the FMN-dependent 
enzyme, pyridoxine 5'-phosphate oxidase (PPO).’ 
At least two studies in elderly people have docu- 
mented significant interactions between indica- 
tors of vitamin Bg, and riboflavin nutritional sta- 
tus.®? The synthesis of the niacin-containing co- 
enzymes, NAD and NADP, from the amino acid, 
tryptophan, requires the FAD-dependent en- 
zyme, kynurenine monooxygenase. Severe ribo- 
flavin deficiency can decrease the conversion of 
tryptophan to NAD and NADP, increasing the risk 
of niacin deficiency.? Methylene tetrahydrofolate 
reductase (MTHFR) is an FAD-dependent enzyme 
that plays an important role in maintaining the 
specific folate coenzyme required to form me- 
thionine from homocysteine (Fig.5.2). Along 
with other B vitamins, increased riboflavin in- 
take has been associated with decreased plasma 
homocysteine levels.!° Increased plasma ribofla- 
vin levels were associated with decreased plasma 


Nucleic Acid 
Synthesis 


5,10-Methylene TH- 


homocysteine levels, mainly in individuals ho- 
mozygous (T/T) for the C677T polymorphism of 
the MTHFR gene and in individuals with low fo- 
late intake.'' Such results illustrate that chronic 
disease risk may be influenced by complex inter- 
actions between genetic and dietary factors. 


Iron. Riboflavin deficiency alters iron metabo- 
lism. Although the mechanism is not clear, re- 
search in animals suggests that riboflavin defi- 
ciency may impair iron absorption, increase in- 
testinal loss of iron, and/or impair iron utilization 
for the synthesis of hemoglobin. In humans, im- 
proving riboflavin nutritional status has been 
found to increase circulating hemoglobin levels. 
Correction of riboflavin deficiency in individuals 
who are both riboflavin and iron deficient im- 
proves the response of iron-deficiency anemia to 
iron therapy.!2 


Deficiency 


Ariboflavinosis is the medical name for clinical 
riboflavin deficiency. Riboflavin deficiency is 
rarely found in isolation; it occurs frequently in 
combination with deficiencies of other water- 
soluble vitamins. Symptoms of riboflavin defi- 
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Fig.5.2 Methylene tetrahydrofolate (THF) reductase. 
Methylene TH-folate reductase is a flavin adenine dinucle- 
otide (FAD)-dependent enzyme required to catalyze the 


reduction of 5,10-methylene THF to 5-methyl THF, the 
specific folate coenzyme required to form methionine 
from homocysteine. 
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5 Riboflavin 


St a” a ee SS 


ciency include sore throat, redness and swelling 
of the lining of the mouth and throat, cracks or 
sores on the outsides of the lips (cheliosis) and at 
the corners of the mouth (angular stomatitis), in- 
flammation and redness of the tongue (magenta 
tongue), and a moist, scaly skin inflammation 
(seborrheic dermatitis). Other symptoms may in- 
volve the formation of blood vessels in the clear 
covering of the eye (vascularization of the cor- 
nea) and a decreased red blood cell count, in 
which the existing red blood cells contain normal 
levels of hemoglobin and are of normal size (nor- 
mochromic/normocytic anemia).!3 Severe ribo- 
flavin deficiency may result in decreased conver- 
sion of vitamin Bs to its coenzyme form (PLP) and 
decreased conversion of tryptophan to niacin. 
Pre-eclampsia is defined as the presence of el- 
evated blood pressure, protein in the urine, and 
edema (significant swelling) during pregnancy. 
About 5% of women with pre-eclampsia may 
progress to eclampsia, a significant cause of ma- 
ternal death. Eclampsia is characterized by sei- 
zures, in addition to high blood pressure and in- 
creased risk of hemorrhage (severe bleeding).'? A 
study in 154 pregnant women at increased risk of 
pre-eclampsia found that those who were ribo- 
flavin deficient were 4.7 times more likely to de- 
velop pre-eclampsia than those who had ade- 
quate riboflavin nutritional status.'4 The cause of 
pre-eclampsia-eclampsia is not known. De- 
creased intracellular levels of flavocoenzymes 
could cause mitochondrial dysfunction, increase 
oxidative stress, and interfere with nitric oxide 
release and thus blood vessel dilation—all of 
these changes have been associated with pre-ec 


Table 5.1 Recommended dietary allowance for riboflavin 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1~3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breast-feeding All ages 


Al, adequate intake. 


lampsia. However, a small randomized, placebo- 
controlled, double-blind trial in 450 pregnant 
women at high risk for pre-eclampsia found that 
supplementation with 15 mg ribofiavin daily did 
not prevent the condition.!° 


Risk Factors for Riboflavin 
Deficiency 


People with alcohol problems are at increased 
risk for riboflavin deficiency due to decreased in- 
take, decreased absorption, and impaired utiliza- 
tion of riboflavin. In addition, anorexic individu- 
als rarely consume adequate riboflavin, and lac 
tose-intolerant individuals may not consume 
milk or other dairy products which are good 
sources of riboflavin. The conversion of riboflavin 
into FAD and FMN is impaired in hypothyroidism 
and‘adrenal insufficiency.?4 Further, people who 
are very active physically (athletes, laborers) may 
have a slightly increased riboflavin requirement. 
However, riboflavin supplementation has not 
generally been found to increase exercise toler- 
ance or performance.'® 


Recommended Dietary 
Allowance 


The recommended dietary allowance (RDA) for 
riboflavin, revised in 1998, was based on the pre- 
vention of deficiency (Table 5.1). Clinical signs of 
deficiency in humans appear at intakes of less 
than 0.5-0.6 mg/day, and urinary excretion of ri- 
boflavin is seen at intake levels of approximately 
1 mg/day.! 


Males (mg/day) Females (mg/day) 


0.3 (Al) 0.3 (Al) 
0.4 (Al) 0.4 (Al) 
0.5 0.5 
0.6 0.6 
0.9 0.9 
1.3 1.0 
1.3 1.1 
- 1.4 
- 1.6 


Disease Prevention 
Cataracts 


Age-related cataracts are the leading cause of vi- 
sual disability in the United States and other de- 
veloped countries. Research has focused on the 
role of nutritional antioxidants because of evi- 
dence that light-induced oxidative damage of 
lens proteins may lead to the development of 
age-related cataracts. A case-control study found 
significantly decreased risk of age-related cata- 
ract (33%-51%) in men and women in the highest 
quintile of dietary riboflavin intake (median of 
1.6-2.2 mg/day) compared with those in the low- 
est quintile (median of 0.08 mg/day in both men 
and women). Another case-control study re- 
ported that individuals in the highest quintile of 
riboflavin nutritional status, as measured by red 
blood cell glutathione reductase activity, had ap- 
proximately half the occurrence of age-related 
cataract as those in the lowest quintile of ribofla- 
vin status, although the results were not statisti- 
cally significant.'8 

A cross-sectional study of 2900 Australian 
men and women, aged 49 years and older, found 
that those in the highest quintile of riboflavin in- 
take were 50% less likely to have cataracts than 
those in the lowest quintile.!9 A prospective 
study of more than 50000 women did not ob- 
serve a difference between rates of cataract ex- 
traction between women in the highest quintile 
of riboflavin intake (median of 1.5 mg/day) and 
women in the lowest quintile (median of 1.2 mg/ 
day).2° However, the range between the highest 
and lowest quintiles was small, and median in- 
take levels for both quintiles were above the cur- 
rent RDA for riboflavin. Also, a study in 408 wom- 
en found that higher dietary intakes of riboflavin 
were inversely associated with a 5-year change in 
lens opacification.”! Although these observation- 
al studies provide support for the role of ribofla- 
vin in the prevention of cataracts, placebo-con- 
trolled intervention trials are needed to confirm 
the relationship. 


Disease Treatment 


Disease Treatment 
Migraine Headaches 


Some evidence indicates that impaired mito- 
chondrial oxygen metabolism in the brain may 
play a role in the pathology of migraine head- 
aches. As riboflavin is the precursor of the two 
flavocoenzymes (FAD and FMN) required by the 
flavoproteins of the mitochondrial electron 
transport chain, supplemental riboflavin has 
been investigated as a treatment for migraine. A 
randomized placebo-controlled trial examined 
the effect of 400 mg riboflavin/day for 3 months 
on migraine prevention in 54 men and women 
with a history of recurrent migraine headaches.?? 
Riboflavin was significantly better than placebo 
in reducing attack frequency and the number of 
headache days, although the beneficial effect was 
most pronounced during the third month of 
treatment. A more recent study by the same in- 
vestigators found that treatment with either a 
medication called a B-blocker or a high-dose ri- 
boflavin resulted in clinical improvement, but 
each therapy appeared to act on a distinct patho- 
logical mechanism: B-blockers on abnormal cor- 
tical information processing and riboflavin on 
decreased brain mitochondrial energy reserve.” 
A small study in 23 patients reported a reduction 
in median migraine attack frequency after sup- 
plementation with 400 mg riboflavin daily for 3 
months.*4 In addition, a 3-month, randomized, 
double-blind, placebo-controlled study that ad- 
ministered a combination of riboflavin (400 mg/ 
day), magnesium, and feverfew to migraine suf- 
ferers reported no therapeutic benefit of this 
supplement beyond that associated with taking a 
placebo containing 25mg/day of riboflavin.” 
Compared with baseline measurements in this 
trial, both the placebo and treatment groups ex- 
perienced some benefits with respect to the 
mean number of migraines, migraine days, or mi- 
graine index.” Although these findings are pre- 
liminary, data from most studies to date suggest 
that riboflavin supplementation might be a use- 
ful adjunct to pharmacological therapy in mi- 
graine prevention. 
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5 Riboflavin 


Sources 
Food Sources 


Most plant- and animal!-derived foods contain at 
least small quantities of riboflavin. In the United 
States, wheat flour and bread have been enriched 
with riboflavin (as well as thiamin, niacin, and 
iron) since 1943. Data from large dietary surveys 
indicate that the average intake of riboflavin for 
men is about 2mg/day and for women about 
1.5 mg/day; both intakes are well above the RDA. 
Intake levels were similar for a population of el- 
derly men and women.! Riboflavin is easily de- 
stroyed by exposure to light; for example, up to 
50% of the riboflavin in milk contained in a clear 
glass bottle can be destroyed after 2 hours of ex- 
posure to bright sunlight. Some foods with sub- 
stantial amounts of riboflavin are listed in Table 
5.2 along with their riboflavin content. 


Table 5.2 Food sources of riboflavin 


Food Serving Riboflavin (mg) 
Fortified cereal 1 cup 0.59-2.27 
Milk, nonfat 1 cup (8 ounces) 0.34 

Egg, cooked 1 large 0.27 
Almonds 1 ounce 0.23 
Spinach, boiled 2 cup 0.21 
Chicken, dark 3 ounces? 0.16 
meat, roasted 

Beef, cooked 3 ounces? 0.16 
Asparagus, 6 spears 0.13 
boiled 

Salmon, cooked 3 ounces? 0.12 
Cheddar cheese 1 ounce 0.11 
Broccoli, boiled ‘cup, chopped 0.10 
Halibut, broiled 3 ounces? 0.08 
Chicken, light 3 ounces? 0.08 
meat, roasted 

Bread, white, 1 slice 0.08 
enriched 

Bread, 1 slice 0.06 


whole-wheat 


3A 3-ounce serving of meat or fish is about the size of a 


deck of cards. 


Supplements 


The most common forms of riboflavin available 
in supplements are riboflavin and riboflavin 
5'-monophosphate. Riboflavin is most commonly 
found in multivitamin and vitamin B-complex 
preparations.” 


Safety 
Toxicity 


No toxic or adverse effects of high riboflavin in- 
take in humans are known. Studies in cell culture 
indicate that excess riboflavin may increase the 
risk of DNA strand breaks in the presence of chro- 
mium (IV), a known carcinogen.”’ This may be of 
concern to workers exposed to chrome, but no 
data‘in humans are available. High-dose ribofla- 
vin therapy has been found to intensify urine 
color to a bright yellow (flavinuria), but this is a 
harmless side effect. The FNB did not establish a 
tolerable upper intake level (UL) when the RDA 
was revised in 1998.! 


Drug Interactions 


Several early reports indicated that women tak- 
ing high-dose oral contraceptives (OCs) had di- 
minished riboflavin nutritional status. However, 
when investigators controlled for dietary ribofla- 
vin intake, no differences between OC users and 
nonusers were found.' Phenothiazine derivatives 
such as the antipsychotic medication chlorprom- 
azine and tricyclic antidepressants inhibit the 
incorporation of riboflavin into FAD and FMN, as 
do the antimalarial medication, quinacrine, and 
the cancer chemotherapy agent, doxorubicin.4 
Long-term use of the anticonvulsant, phenobar- 
bital may increase destruction of riboflavin, by 
liver enzymes, increasing the risk of deficiency.3 


LPI Recommendation 


The RDA for riboflavin (1.3 mg/day for men and 1.1 mg/ 
day for women), which should prevent deficiency in 
most individuals, is easily met by eating a varied diet. 
Consuming a varied diet should supply 1.5-2.0 mg ri- 
boflavin a day. Following the Linus Pauling Institute rec 
ommendation to take a multivitarnin/mineral supple- 
ment containing 100% of the daily values will ensure an 
intake of at least 1.7 mg riboflavin/day. 


Older Adults 

Some experts in nutrition and aging feel that the RDA 
(1.3 mg/day for men and 1.1 mg/day for women) leaves 
little margin for error in people aged over 50 years.28:9 
A study of independently living people aged between 
65 and 90 years found that almost 25% consumed less 
than the recommended riboflavin intake, and 10% had 
biochemical evidence of deficiency.2° In addition, epi- 
demiological studies of cataract prevalence indicate 
that riboflavin intakes of 1.6-2.2 mg/day may reduce 
the risk of developing age-related cataracts. Individuals 
whose diets may not supply adequate riboflavin, espe- 
cially those aged over 50, should consider taking a mul- 
tivitamin/mineral supplement, which generally pro- 
vides at least 1.7 mg riboflavin/day. 
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6 Thiamin 


Thiamin (also spelled thiamine) is a water-solu- 
ble B vitamin, previously known as vitamin B, or 
aneurine.! Isolated and characterized in the 
1930s, thiamin was one of the first organic com- 
pounds to be recognized as a vitamin.? Thiamin 
occurs in the human body as free thiamin and as 
various phosphorylated forms: thiamin mono- 
phosphate (TMP), thiamin triphosphate (TTP), 
and thiamin pyrophosphate (TPP), which is also 
known as thiamin diphosphate. 


Function 


Coenzyme Function 


TPP is arequired coenzyme for a small number of 
very important enzymes. The synthesis of TPP 
from free thiamin requires magnesium, adenos- 
ine triphosphate (ATP), and the enzyme, thiamin 
pyrophosphokinase. 

Pyruvate dehydrogenase, 2-oxoglutarate de- 
hydrogenase, and branched-chain ketoacid 
(BCKA) dehydrogenase each comprise a different 
enzyme complex found within cellular organ- 
elles called mitochondria. They catalyze the de- 
carboxylation of pyruvate, 2-oxoglutarate, and 
branched-chain amino acids to form acetyl-coen- 
zyme A (CoA), succinyl-CoA, and derivatives of 
branched-chain amino acids, respectively; all 
products play critical roles in the production of 
energy from food.? In addition to the thiamin co- 
enzyme (TPP), each dehydrogenase complex re- 
quires a niacin-containing coenzyme, a ribofla- 
vin-containing coenzyme, and lipoic acid. 

Transketolase catalyzes critical reactions in 
another metabolic pathway known as the pen- 
tose phosphate pathway. One of the most impor- 
tant intermediates of this pathway is ribose 
5-phosphate, a phosphorylated 5-carbon sugar 
required for the synthesis of the high-energy ri- 
bonucleotides, ATP and guanosine triphosphate 
(GTP). It is also required for the synthesis of the 
nucleic acids, DNA and RNA, and the niacin-con- 
taining coenzyme nicotinamide adenine dinucle- 
otide phosphate (NADP), which is essential for a 
number of biosynthetic reactions.’ As transke- 


tolase decreases early in thiamin deficiency, 
measurement of its activity in red blood cells has 
been used to assess thiamin nutritional status. 


Deficiency 


Beriberi, the disease resulting from severe thia- 
min deficiency, was described in Chinese litera- 
ture as early as 2600 ac. Thiamin deficiency af- 
fects the cardiovascular, nervous, muscular, and 
gastrointestinal systems.? Beriberi has been 
termed dry, wet, and cerebral, depending on the 
systems affected by severe thiamin deficiency.! 

The main feature of dry (paralytic or nervous) 
beriberi is peripheral neuropathy. Early in the 
course of the neuropathy, “burning feet syn- 
drome” may occur. Other symptoms include ab- 
normal (exaggerated) reflexes as well as dimin- 
ished sensation and weakness in the legs and 
arms. Muscle pain and tenderness and difficulty 
rising from a squatting position have also been 
observed. Severely thiamin-deficient individuals 
may experience seizures. 

In addition to neurological symptoms, wet 
(cardiac) beriberi is characterized by cardiovas- 
cular manifestations of thiamin deficiency, which 
include rapid heart rate, enlargement of the 
heart, severe swelling (edema), difficulty breath- 
ing, and ultimately congestive heart failure. 

Cerebral beriberi may lead to Wernicke en- 
cephalopathy and Korsakoff psychosis, especially 
in people who abuse alcohol. The diagnosis of 
Wernicke encephalopathy is based on a “triad” of 
signs, which include abnormal eye movements, 
stance and gait abnormalities, and abnormalities 
in mental function that may include a confused 
apathetic state or a profound memory disorder 
termed Korsakoff amnesia or Korsakoff psychosis. 
Thiamin deficiency affecting the central nervous 
system is referred to as Wernicke disease when 
the amnesic state is not present and Wernicke- 
Korsakoff syndrome (WKS) when the amnesic 
symptoms are present along with the eye move- 
ment and gait disorders. Most WKS sufferers are 
people who abuse alcohol, although it has been 


Deficiency 


m o = Fe 


observed in other disorders of gross malnutri- 
tion, including stomach cancer and AIDS. Admin- 
istration of intravenous thiamin to WKS patients 
generally results in prompt improvement of the 
eye symptoms, but improvements in motor coor- 
dination and memory may be less, depending on 
how long the symptoms have been present. Re- 
cent evidence of increased immune cell activa- 
tion and increased free radical production in the 
areas of the brain that are selectively damaged 
suggests that oxidative stress plays an important 
role in the neurological pathology of thiamin de- 
ficiency.4 


Causes of Thiamin Deficiency 


Thiamin deficiency may result from inadequate 
thiamin intake, increased requirement for thia- 
min, excessive loss of thiamin from the body, 
consumption of anti-thiamin factors in food, ora 
combination of these factors. 


Inadequate intake. Inadequate consumption of 
thiamin is the main cause of thiamin deficiency 
in less developed countries.? Thiamin deficiency 
is common in low-income populations whose di- 
ets are high in carbohydrate and low in thiamin 
(e.g., milled or polished rice). Breast-fed infants 
whose mothers are thiamin deficient are vulner- 
able to developing infantile beriberi. Alcoholism, 
which is associated with low intake of thiamin 
among other nutrients, is the primary cause of 
thiamin deficiency in industrialized countries. 


Increased requirement. Conditions resulting in 
an increased requirement for thiamin include 
strenuous physica] exertion, fever, pregnancy, 
breast-feeding, and adolescent growth. Such con- 
ditions place individuals with marginal thiamin 
intake at risk for developing symptomatic thia- 
min deficiency. Recently, malaria patients in 
Thailand were found to be severely thiamin defi- 
cient more frequently than noninfected individu- 
als.> Malarial infection leads to a large increase in 
the metabolic demand for glucose. As thiamin is 
required for the enzymes involved in glucose me- 
tabolism, the stresses induced by malarial infec 
tion could exacerbate thiamin deficiency in pre- 
disposed individuals. HIV-infected individuals, 
whether or not they had developed AIDS, were 
also found to be at increased risk for thiamin de- 
ficiency. The lack of association between thia- 


min intake and evidence of deficiency in these 
HIV-infected individuals suggests that they had 
an increased requirement for thiamin. Further, 
chronic alcohol abuse impairs intestinal absorp- 
tion and utilization of thiamin;' thus, people 
with alcohol problems have increased require- 
ments for thiamin. 


Excessive loss. Excessive loss of thiamin may 
precipitate thiamin deficiency. By increasing uri- 
nary flow, diuretics may prevent reabsorption of 
thiamin by the kidneys and increase its excretion 
in the urine,’® although this remains quite con- 
troversial. Individuals with kidney failure requir- 
ing hemodialysis lose thiamin at an increased 
rate and are at risk for thiamin deficiency.? Peo- 
ple with alcohol problems who maintain a high 
fluid intake and urine flow rate may also experi- 
ence increased loss of thiamin, exacerbating the 
effects of low thiamin intake.!? 


Anti-thiamin factors. The presence of anti-thia- 
min factors (ATFs) in foods also contributes to the 
risk of thiamin deficiency. Certain plants contain 
ATFs, which react with thiamin to form an oxi- 
dized, inactive product. Consuming large 
amounts of tea and coffee (including decaffein- 
ated), as well as chewing tea leaves and betel 
nuts, has been associated with thiamin depletion 
in humans due to the presence of ATFs. Thiami- 
nases are enzymes that break down thiamin in 
food. Individuals who habitually eat certain raw 
freshwater fish, raw shellfish, and ferns are at 
higher risk of thiamin deficiency because these 
foods contain thiaminase that normally is inacti- 
vated by heat in cooking.' In Nigeria, an acute 
neurological syndrome (seasonal ataxia) has 
been associated with thiamin deficiency precipi- 
tated by a thiaminase in African silkworms, a tra- 
ditional high-protein food for some Nigerians.!! 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) for 
thiamin, revised in 1998, was based on the pre- 
vention of deficiency in generally healthy indi- 
viduals (Table 6.1).!2 
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Table 6.1 Recommended dietary allowance for thiamin 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breastfeeding All ages 


Al, adequate intake. 


Disease Prevention 
Cataracts 


A cross-sectional study of 2900 Australian men 
and women, aged 49 years and older, found that 
those in the highest quintile of thiamin intake 
were 40% less likely to have nuclear cataracts 
than those in the lowest quintile.!? In addition, a 
recent study in 408 US women found that higher 
dietary intakes of thiamin were inversely associ- 
ated with five-year change in lens opacification.'4 
However, these cross-sectional associations have 
yet to be elucidated by studies of causation. 


Disease Treatment 


Alzheimer Disease 


As thiamin deficiency can result in a form of 
dementia (WKS), its relationship to Alzheimer 
disease and other forms of dementia has been in- 
vestigated. A case-control study in 38 elderly 
women found that blood levels of thiamin, TPP, 
and TMP were lower in those with dementia of 
the Alzheimer type (DAT) compared with the 
those in the control group.'* Interestingly, sever- 
al investigators have found evidence of decreased 
activity of the thiamin pyrophosphate-depen- 
dent enzymes, 2-oxoglutarate dehydrogenase 
and transketolase, in the brains of patients who 
died of Alzheimer disease.'® Such findings are 
consistent with evidence of reduced glucose me- 
tabolism found on positron emission tomogra- 
phy (PET) of the brains of Alzheimer disease pa- 
tients.'’ The finding of decreased brain levels of 


Males (mg/day) Females (mg/day) 


0.2 (Al) 0.2 (Al) 
0.3 (Al) 0.3 (Al) 
0.5 0.5 
0.6 0.6 
0.9 0.9 
1.2 1.0 
1.2 1.1 
= 1.4 
z 1.4 


TPP in the presence of normal levels of free thia- 
min and TMP suggests that the decreased en- 
zyme activity is not likely a result of thiamin de- 
ficiency but rather of impaired TPP synthesis.!819 
Currently, there is only slight and inconsistent 
evidence that thiamin supplements are of benefit 
in Alzheimer disease. A double-blind, placebo- 
controlled study of 15 patients (10 completed the 
study) reported no beneficial effect of 3g thia- 
min/day on cognitive decline over a 12-month 
period. In 1993, a preliminary report from an- 
other study claimed a mild benefit of 3-8 g thia- 
min/day in DAT, but no additional data from that 
study are available.2° A mild beneficial effect in 
patients with Alzheimer disease was reported af- 
ter 12 weeks of treatment with 100 mg/day of a 
thiamin derivative (thiamin tetrahydrofurfuryl 
disulfide), but this study was not placebo con- 
trolled.2! A recent systematic review of random- 
ized, double-blind, placebo-controlled trials of 
thiamin in patients with DAT found no evidence 
that thiamin was a useful treatment for the 
symptoms of Alzheimer disease.2? 


Congestive Heart Failure 


Severe thiamin deficiency (wet beriberi) can lead 
to impaired cardiac function and ultimately con- 
gestive heart failure (CHF). Although cardiac 
manifestations of beriberi are rarely encountered 
in industrialized countries, CHF due to other 
causes is common, especially in elderly people. 
Diuretics used in the treatment of CHF, notably 
furosemide, have been found to increase thiamin 
excretion, potentially leading to marginal thia- 


Safety 


min deficiency. A number of studies have exam- 
ined thiamin nutritional status in CHF patients 
and most found a fairly low incidence of thiamin 
deficiency, as measured by assays of transketo- 
lase activity. As in the general population, older 
CHF patients were found to be at higher risk of 
thiamin deficiency than younger ones.? An im- 
portant measure of cardiac function in CHF is the 
left ventricular ejection fraction (LVEF), which 
can be assessed by echocardiography. One study 
in 25 patients found that furosemide use, at 
doses of 80 mg/day or more, was associated with 
a 98% prevalence of thiamin deficiency.24 

In a randomized, double-blind study of 30 
CHF patients, all of whom had been taking furo- 
semide (80 mg/day) for at least 3 months, intra- 
venous (IV) thiamin therapy (200 mg/day) for 
7 days resulted in an improved LVEF compared 
with IV placebo. When all 30 of the CHF 
patients in that study subsequently received 
6 weeks of oral thiamin therapy (200 mg/day), 
the average LVEF improved by 22%. This finding 
may be relevant because improvements in LVEF 
have been associated with improved survival in 
CHF patients.*° However, conclusions from stud- 
ies published to date are limited due to small 
sample sizes of the studies, lack of randomization 
in some studies, and a need for more precise as- 
says of thiamin nutritional status. Currently, the 
role of thiamin supplementation in maintaining 
cardiac function in CHF patients remains contro- 
versial. 


Cancer 


Thiamin deficiency has been observed in some 
cancer patients with rapidly growing tumors. 
However, research in cell culture and animal 
models indicates that rapidly dividing cancer 
cells have a high requirement for thiamin.?’ All 
rapidly dividing cells require nucleic acids at an 
increased rate, but some cancer cells appear to 
rely heavily on the TPP-dependent enzyme, 
transketolase, to provide the ribose 5-phosphate 
necessary for nucleic acid synthesis. Thiamin 
supplementation in cancer patients is common 
to prevent thiamin deficiency, but Boros et al. 
caution that too much thiamin may actually fuel 
the growth of some malignant tumors,?® suggest- 
ing that thiamin supplementation be reserved for 
those cancer patients who are actually thiamin 
deficient. Currently, there is no evidence avail- 


able from studies in humans to support or refute 
this theory. However, it would be prudent for in- 
dividuals with cancer who are considering thia- 
min supplementation to discuss it with the clini- 
cians managing their cancer therapy. 


Sources 


Food Sources 


A varied diet should provide most individuals 
with adequate thiamin to prevent deficiency. In 
the United States the average dietary thiamin in- 
take for young men is about 2 mg/day and 1.2 mg/ 
day for young women. A survey of people aged 
below 60 found an average dietary thiamin in- 
take of 1.4mg/day for men and 1.1 mg/day for 
women.!* However, institutionalization and pov- 
erty both increase the likelihood of inadequate 
thiamin intake in elderly people.2? Whole-grain 
cereals, legumes (e.g., beans and lentils), nuts, 
lean pork, and yeast are rich sources of thiamin.? 
As most of the thiamin is lost during the produc 
tion of white flour and polished (milled) rice, 
white rice and foods made from white flour (e.g., 
bread and pasta) are fortified with thiamin in 
many Western countries. A number of thiamin- 
rich foods are listed in Table 6.2 along with their 
thiamin content. 


Supplements 


Thiamin is available in nutritional supplements 
and for fortification as thiamin hydrochloride 
and thiamin nitrate. 


Safety 


Toxicity 


The Food and Nutrition Board (FNB) of the Insti- 
tute of Medicine did not set a tolerable upper in- 
take level for thiamin because there are no well- 
established toxic effects from the consumption of 
excess thiamin in food or through long-term oral 
supplementation (up to 200 mg/day). A small 
number of life-threatening anaphylactic reac 
tions have been observed with large intravenous 
doses of thiamin.!? 
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Table 6.2 Food sources of thiamin 


Food Serving Thiamin (mg) 
Wheat germ breakfast cereal 1 cup 4.47 
Fortified breakfast cereal 1 cup 0.5-2.0 
Pork, lean, cooked 3 ounces? 0.72 
Long grain white rice, enriched, cooked 1 cup 0.26 
Peas, cooked Y% cup 0.21 
Long grain brown rice, cooked 1 cup 0.19 
Pecans 1 ounce 0.19 
Brazil nuts 1 ounce 0.18 
Lentils, cooked Y2 cup 0.17 
Cantaloupe Y fruit 0.11 
White bread, enriched 1 slice 0.11 
Whole-wheat bread 1 slice 0.10 
Orange 1 fruit 0.10 
Milk 1 cup 0.10 
Spinach, cooked y2 cup 0.09 
Long grain white rice, unenriched, cooked 1 cup 0.04 
Egg, cooked 1 large 0.03 


33 ounces of meat (or fish) is a serving about the size of a deck of cards. 


Older Adults 

Currently, there is no evidence that the requirement for 
thiamin is increased in older adults, but some studies 
have found inadequate dietary intake and thiamin in- 
sufficiency to be more common in elderly popula- 
tions.” Thus, it would be prudent for older adults to 
take a multivitamin/mineral supplement, which will 
generally provide at least 1.5 mg thiamin/day. 


Drug Interactions 


Reduced blood levels of thiamin have been re- 
ported in individuals with seizure disorders (epi- 
lepsy) taking the anticonvulsant medication, 
phenytoin, for long periods of time.?! 5-Fluoro- 
uracil, a drug used in cancer therapy, inhibits the 
phosphorylation of thiamin to TPP.*? Diuretics, 
especially furosemide, may increase the risk of 
thiamin deficiency in individuals with marginal References 
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7 Vitamin A 


Vitamin A is a generic term for a large number of 
related compounds. Retinol (an alcohol) and reti- 
nal (an aldehyde) are often referred to as pre- 
formed vitamin A. Retinal can be converted by the 
body to retinoic acid (RA), the form of vitamin A 
known to affect gene transcription. Retinol, reti- 
nal, RA, and related compounds are known as 
retinoids. 8-Carotene and other carotenoids that 
can be converted by the body into retinol are re- 
ferred to as provitamin A carotenoids. Hundreds 
of different carotenoids are synthesized by 
plants, but only about 10% of them are provita- 
min A carotenoids.' The following discussion fo- 
cuses mainly on preformed vitamin A and RA. 


Function 
Vision 
The retina is located at the back of the eye. When 


light passes through the lens, it is sensed by the 
retina and converted to a nerve impulse for inter- 
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pretation by the brain. Retinol is transported to 
the retina via the circulation and accumulates in 
retinal pigment epithelial cells (Fig. 7.1). Here, 
retinol is esterified to form a retinyl ester, which 
can be stored. When needed, retinyl esters are 
broken apart (hydrolyzed) and isomerized to 
form 11-cis-retinol, which can be oxidized to 
form 11-cis-retinal. 11-cis-Retinal can be shut- 
tled across the interphotoreceptor matrix to the 
rod cell where it binds to a protein called opsin to 
form the visual pigment rhodopsin (also known 
as visual purple). Rod cells with rhodopsin can 
detect very small amounts of light, making them 
important for night vision. Absorption of a pho- 
ton of light catalyzes the isomerization of 11-cis- 
retinal to all-trans-retinal and results in its re- 
lease. This isomerization triggers a cascade of 
events, leading to the generation of an electrical 
signal to the optic nerve. The nerve impulse gen- 
erated by the optic nerve is conveyed to the brain 
where it can be interpreted as vision. Once re- 
leased, all-trans retinal is converted to all-trans- 
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Fig. 7.1 The visual cycle: retinol is transported to the ret- 
ina via the circulation, where it moves into retinal pig- 
ment epithelial cells. There, retinol is esterified to form a 
retinyl ester that can be stored. When needed, retinyl es- 
ters are broken apart (hydrolyzed) and isomerized to form 
11-cis-retinol, which can be oxidized to form 11-cis-retinal. 
11-cis-Retinal can be shuttled to the rod cell, where it 
binds to a protein called opsin to form the visual pigment 
rhodopsin (visual purple). Absorption of a photon of light 


catalyzes the isomerization of 11-cis-retinal to all-trans- 
retinal and results in its release. This isomerization trig- 
gers a cascade of events, leading to the generation of an 
electrical signal to the optic nerve. The nerve impulse 
generated by the optic nerve is conveyed to the brain 
where it can be interpreted as vision. Once released, all- 
trans-retinal is converted to all-trans-retinol, which can be 
transported across the interphotoreceptor matrix to the 
retinal epithelial cell to complete the visual cycle. 


Function 


retinol, which can be transported across the in- 
terphotoreceptor matrix to the retinal epithelial 
cell, thereby completing the visual cycle.? Inade- 
quate retinol available to the retina results in im- 
paired dark adaptation, known as “night blind- 
ness.” 


Regulation of Gene Expression 


Isomers of retinoic acid act as hormones to affect 
gene expression and thereby influence numerous 
physiological processes. All-trans-RA and 9-cis- 
RA are transported to the nucleus of the cell 
bound to cytoplasmic retinoic acid-binding pro- 
teins (CRABPs). Within the nucleus, RA binds to 
retinoic acid receptor proteins (Fig. 7.2). Specifi- 
cally, all-trans-RA binds to retinoic acid receptors 
(RARs) and 9-cis-RA binds to retinoid X receptors 
(RXRs). RARs and RXRs form RAR/RXR heterodi- 
mers, which bind to regulatory regions of the 


chromosome called retinoic acid response ele- 
ments (RAREs). A dimer is a complex of two pro- 
tein molecules, heterodimers are complexes of 
two different proteins, and homodimers are 
complexes of two of the same protein. Binding of 
all-trans-RA and 9-cis-RA to an RAR and RXR, re- 
spectively, allows the complex to regulate the 
rate of gene transcription, thereby influencing 
the synthesis of certain proteins. RXRs may also 
form heterodimers with thyroid hormone recep- 
tors (THRs) or vitamin D receptors (VDRs). In this 
way, vitamin A, thyroid hormone, and vitamin D 
may interact to influence gene transcription. 
Through the stimulation and inhibition of tran- 
scription of specific genes, RA plays a major role 
in cellular differentiation, the specialization of 
cells for highly specific physiological roles. Many 
of the physiological effects attributed to vitamin 
A appear to result from its role in cellular differ- 
entiation. 


Cytoplasm 


Regulation of gene transcription 


Fig. 7.2 A simplified model of the regulation of gene ex- 
pression by retinoic acid (RA) isomers. All-trans-RA and 
9-cis-RA are transported to the nucleus of the cell bound 
to cytoplasmic retinoic acid-binding proteins. Within the 
nucleus, alltrans-RA binds to retinoic acid receptors 
(RARs) and 9-cis-RA binds to retinoid receptors (RXRs). 


RARs and RXRs form RAR/RXR heterodimers, which bind 
to regulatory regions of the chromosome called retinoic 
acid response elements (RAREs). Binding of all-trans-RA 
and 9-cis-RA to RARs and RXRs, respectively, allows the 
complex to regulate the rate of gene transcription. 
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Immunity 


Vitamin A is commonly known as the anti-infec- 
tive vitamin, because it is required for normal 
functioning of the immune system. The skin and 
mucosal cells (cells that line the airways, diges- 
tive tract, and urinary tract) function as a barrier 
and form the body’s first line of defense against 
infection. Retinol and its metabolites are required 
to maintain the integrity and function of these 
cells.’ Vitamin A and RA play a central role in the 
development and differentiation of white blood 
cells, such as lymphocytes, which play critical 
roles in the immune response. Activation of T 
lymphocytes, the major regulatory cells of the 
immune system, appears to require all-trans-RA 
binding of RARs.? 


Growth and Development 


Both vitamin A excess and deficiency are known 
to cause birth defects. Retinol and RA are essen- 
tial for embryonic development.t During fetal 
development, RA functions in limb development 
and formation of the heart, eyes, and ears.® In ad- 
dition, RA has been found to regulate expression 
of the gene for growth hormone. 


Red Blood Cell Production 


Red blood cells, similar to all blood cells, are de- 
rived from precursor cells called stem cells. Stem 
cells are dependent on retinoids for normal dif- 
ferentiation into red blood cells. In addition, vita- 
min A appears to facilitate the mobilization of 
iron from storage sites to the developing red 
blood cell for incorporation into hemoglobin, the 
oxygen carrier in red blood cells.27 


Nutrient Interactions 


Zinc. Zinc deficiency is thought to interfere with 
vitamin A metabolism in several ways: 

+ Zinc deficiency results in decreased synthesis 
of retinol-binding protein (RBP), which trans- 
ports retinol through the circulation to tissues 
(e.g., the retina) and also protects the organism 
against the potential toxicity of retinol. 

Zinc deficiency results in decreased activity of 
the enzyme that releases retinoi from its stor- 
age form, retinyl palmitate, in the liver. 

Zinc is required for the enzyme that converts 
retinol into retinal.89 


At present, the health consequences of zinc defi- 
ciency on vitamin A nutritional status in humans 
are unclear.'° 


Iron. Vitamin A deficiency may exacerbate iron- 
deficiency anemia. Vitamin A supplementation 
has beneficial effects on iron-deficiency anemia 
and improves iron nutritional status among chil- 
dren and pregnant women. The combination of 
supplemental vitamin A and iron seems to re- 
duce anemia more effectively than either supple- 
mental iron or vitamin A alone.'! Moreover, stud- 
ies in rats have shown that iron deficiency alters 
plasma and liver levels of vitamin A.!27 


Deficiency 


Vitamin A Deficiency and Vision 


Vitamin A deficiency among children in less de- 
veloped nations is the leading preventable cause 
of blindness.'4 The earliest evidence of vitamin A 
deficiency is impaired dark adaptation or night 
blindness. Mild vitamin A deficiency may result 
in changes in the conjunctiva (corner of the eye) 
called Bitot spots. Severe or prolonged vitamin A 
deficiency causes a condition called xerophthal- 
mia (dry eye), characterized by changes in the 
cells of the cornea (clear covering of the eye) that 
ultimately result in corneal ulcers, scarring, and 
blindness.*9 


Vitamin A Deficiency and Infectious 
Disease 


Vitamin A deficiency can be considered a nutri- 
tionally acquired immunodeficiency disease.!5 
Even children who are only mildly deficient in 
vitamin A have a higher incidence of respiratory 
disease and diarrhea as well as a higher rate of 
mortality from infectious disease compared with 
children who consume sufficient vitamin A.16 Vi- 
tamin A supplementation has been found to de- 
crease both the severity and the incidence of 
deaths related to diarrhea and measles in less 
developed countries, where vitamin A deficiency 
is common.'? The onset of infection reduces 
blood retinol levels very rapidly. This phenome- 
non is generally believed to be related to de- 
creased synthesis of RBP by the liver. In this man- 
ner, infection stimulates a vicious cycle, because 
inadequate vitamin A nutritional status is related 
to increased severity and likelihood of death 


from infectious disease.'® However, a review of 
four studies concluded that vitamin A supple- 
mentation is not beneficial in reducing the 
mother-to-child transmission of HIV.'? One study 
found that HIV-infected women who were vita- 
min A deficient were three to four times more 
likely to transmit HIV to their infants.2° 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) for 
vitamin A was revised by the Food and Nutrition 
Board (FNB) of the Institute of Medicine in 2001. 
The latest RDA is based on the amount needed to 
ensure adequate stores (4 months) of vitamin A 
in the body to support normal reproductive func 
tion, immune function, gene expression, and vi- 
sion (Table 7.1).?! 


Disease Prevention 


Cancer 


Studies in cell culture and animal models have 
documented the capacity for natural and syn- 
thetic retinoids to reduce carcinogenesis signifi- 
cantly in skin, breast, liver, colon, prostate, and 
other sites.? However, the results of human stud- 
ies examining the relationship between the con- 
sumption of preformed vitamin A and cancer are 
less clear. 


Lung cancer. At least 10 prospective studies have 
compared blood retinol levels at baseline among 


Disease Prevention 


people who subsequently developed lung cancer 
and those who did not. Only one of those studies 
found a statistically significant inverse associa- 
tion between serum retinol and lung cancer 
risk.” The results of the B-Carotene And Retinol 
Efficacy Trial (CARET) suggest that high-dose 
supplementation of vitamin A and ß-carotene 
should be avoided in people at high risk of lung 
cancer. About 9000 people (smokers and 
people with asbestos exposure) were assigned a 
daily regimen of 25000IU retinol and 30mg 
B-carotene, while a similar number of people 
were assigned a placebo. After four years of fol- 
low-up, the incidence of lung cancer was 28% 
higher in the supplemented group compared 
with the placebo group. A possible explanation 
for such a finding is that the oxidative environ- 
ment of the lung, created by smoke or asbestos 
exposure, gives rise to unusual carotenoid cleav- 
age products, which are involved in carcinogen- 
esis. Currently, it seems unlikely that increased 
retinol intake decreases the risk of lung cancer, 
although the effects of retinol may be different 
for nonsmokers than for smokers.?2 


Breast cancer. Retinol and its metabolites have 
been found to reduce the growth of breast cancer 
cells in vitro, but observational studies of dietary 
retinol intake in humans have not confirmed 
this.24 Most epidemiological studies have failed 
to find significant associations between retinol 
intake and breast cancer risk in women,?>-28 
although one large prospective study found that 
total vitamin A intake was inversely associated 


Table 7.1 Recommended dietary allowance for vitamin A as preformed vitamin A (retinol) 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy <18 years 
Pregnancy 219 years 
Breastfeeding <18 years 
Breast-feeding 219 years 


Al, adequate intake. 


Males pg/day (IU/day) Females pg/day (IU/day) 


400 (1333 IU) (Al) 400 (1333 IU) (Al) 
500 (1667 IU) (Al) 500 (1667 IU) (Al) 
300 (1000 IU) 300 (1000 IU) 
400 (1333 1U) 400 (1333 IU) 
600 (2000 IU) 600 (2000 IU) 
900 (3000 Iu) 700 (2333 IU) 
900 (3000 IU) 700 (2333 IU) 
= 750 (2500 IU) 
= 770 (2567 IU) 


z 1200 (4000 IU) 
z 1300 (4333 IU) 
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with the risk of breast cancer in premenopausal 
women with a family history of breast cancer.” 
Blood levels of retinol reflect the intake of both 
preformed vitamin A and provitamin A carot- 
enoids such as B-carotene. Although a case-con- 
trol study found serum retinol levels and serum 
antioxidant levels to be inversely related to the 
risk of breast cancer,° two prospective studies 
did not observe significant associations between 
blood retinol levels and subsequent risk of devel- 
oping breast cancer.*!32 Currently, there is little 
evidence in humans that increased intake of pre- 
formed vitamin A or retinol reduces breast can- 
cer risk. 


Disease Treatment 


Pharmacological Doses of Retinoids 


Retinoids are used at pharmacological doses to 
treat several conditions, including retinitis pig- 
mentosa, acute promyelocytic leukemia, and 
various skin diseases. It is important to note that 
treatment with high doses of natural or synthetic 
retinoids overrides the body's own control mech- 
anisms, so retinoid therapies are associated with 
potential side effects and toxicities. In addition, 
all of the retinoid compounds have been found to 
cause birth defects. Thus, women who have a 
chance of becoming pregnant should avoid treat- 
ment with these medications. Retinoids tend to 
be very long acting: side effects and birth defects 
have been reported to occur months after discon- 
tinuing retinoid therapy.” The retinoids discussed 
below are prescription drugs and should not be 
used without medical supervision. 


Retinitis pigmentosa. Retinitis pigmentosa de- 
scribes a broad spectrum of genetic disorders 
that result in the progressive loss of photorecep- 
tor cells (rods and cones) in the eye’s retina.22 
Early symptoms of retinitis pigmentosa include 
impaired dark adaptation and night blindness, 
followed by the progressive loss of peripheral 
and central vision over time. The results of a ran- 
domized controlled trial in more than 600 pa- 
tients with common forms of retinitis pigmen- 
tosa indicated that supplementation with 
4500 pg (15 0001U)/day of preformed vitamin A 
(retinol) significantly slowed the loss of retinal 
function over a period of four to six years.24 In 
contrast, supplementation with 400 1U/day of vi- 


tamin E increased the loss of retinal function by a 
small but significant amount, suggesting that pa- 
tients with common forms of retinitis pigmen- 
tosa may benefit from long-term vitamin A sup- 
plementation but should avoid vitamin E supple- 
mentation at levels higher than those found in a 
typical multivitamin. Up to 12 years of follow-up 
in these patients did not reveal any signs of liver 
toxicity as a result of excess vitamin A intake.’ 
High-dose vitamin A supplementation to slow 
the course of retinitis pigmentosa requires medi- 
cal supervision and must be discontinued if there 
is a possibility of pregnancy. 


Acute promyelocytic leukemia. Normal differen- 
tiation of myeloid stem cells in the bone marrow 
gives rise to platelets, red blood cells, and white 
blood cells that are important for the immune re- 
sponse. Altered differentiation of those stem cells 
results in the proliferation of immature leukemic 
cells, giving rise to leukemia. A mutation of the 
RAR has been discovered in patients with a spe- 
cific type of leukemia called acute promyelocytic 
leukemia (APL). Treatment with all-trans-RA or 
with high doses of all-trans-retinyl palmitate re- 
stores normal differentiation and leads to im- 
provement in some APL patients.?:!8 


Diseases of the Skin 


Both natural and synthetic retinoids have been 
used as pharmacological agents to treat disorders 
of the skin. Etretinate and acitretin are retinoids 
that have been useful in the treatment of psoria- 
sis, whereas tretinoin and isotretinoin have been 
used successfully to treat severe acne. Retinoids 
most likely affect the transcription of skin growth 
factors and their receptors.* Use of pharmaco- 
logical doses of retinoids by pregnant women 
causes birth defects. 


Sources 


Retinol Activity Equivalents 


Different dietary sources of vitamin A have dif- 
ferent potencies; for example, -carotene is less 
easily absorbed than retinol and must be con- 
verted to retinal and retinol by the body. The 
most recent international standard of measure 
for vitamin A is retinol activity equivalents (RAE), 
which represent vitamin A activity as retinol: 


Sources 


—— ee 


Table 7.2 Retinol activity equivalent (RAE) ratios for 
B-carotene and other provitamin A carotenoids 


Quantity Quantity RAE ratio 
consumed bioconverted 

to retinol 
1 ug dietary or 1 ug retinol 1:1 
supplemental 
vitamin A 
2 ug supplemental 1 ug retinol 2:1 
B-carotene 
12 ug dietary 1 ug retinol 12:1 
B-carotene 
24 ug dietary 1 ug retinol 24:1 
a-carotene 
24 pg dietary 1g retinol 24:1 


B-cryptoxanthin 


2 ug B-carotene in oil provided as a supplement 
can be converted by the body to 1 pg retinol, 
giving it an RAE ratio of 2:1. However, 12 ug 
B-carotene from foods are required to provide 
the body with lpg retinol, giving dietary 
B-carotene an RAE ratio of 12:1. Other provita- 
min A carotenoids in foods are less easily ab- 


Table 7.3 Food sources of vitamin A 


Food Serving 

Cod liver oil 1 teaspoon 

Fortified breakfast cereals 1 serving 

Egg 1 large 

Butter 1 tablespoon 

Whole milk 1 cup (8 fluid ounces) 


2% fat milk (vitamin A added) 
Nonfat milk (vitamin A added) 
Sweet potato, canned 

Sweet potato, baked 
Pumpkin, canned 

Carrot, raw 

Cantaloupe 

Mango 

Spinach 

Broccoli 

Kale 

Collards 

Squash, butternut 


RAE, retinol activity equivalent. 


1 cup (8 fluid ounces) 
1 cup (8 fluid ounces) 
Y% cup, mashed 

v2 cup 

Y cup 

¥% cup, chopped 

Y% medium melon 

1 fruit 

Y% cup, cooked 

% cup, cooked 

Y% cup, cooked 

Y% cup, cooked 


Y cup, cooked 


sorbed than B-carotene, resulting in RAE ratios of 
24:1. The RAE ratios for 8-carotene and other 
provitamin A carotenoids are shown in Table 
7.2.2! An older international standard, still com- 
monly used, is the international unit (IU): 1 IU is 
equivalent to 0.3 pg retinol. 


Food Sources 


Free retinol is not generally found in foods. Reti- 
nyl palmitate, a precursor and storage form of 
retinol, is found in foods from animals. Plants 
contain carotenoids, some of which are precur- 
sors for vitamin A (e.g., a-carotene, B-carotene, 
and $-cryptoxanthin). Yellow and orange vegeta- 
bles contain significant quantities of carotenoids. 
Green vegetables also contain carotenoids, al- 
though the pigment is masked by the green pig- 
ment of chlorophyll.! A number of good food 
sources of vitamin A are listed in Table 7.3 along 
with their vitamin A content in RAEs. In those 
foods where retinol activity comes mainly from 
provitamin A carotenoids, the carotenoid content 
and the RAEs are presented. 


Vitamin A VitaminA Retinol Retinol 
(Hg RAE) (IU) (ug) (1U) 
1350 4500 1350 4500 
150-230 500-767 150-230 500-767 
91 303 89 296 

g7 323 95 317 

68 227 68 227 
134 447 134 447 
149 497 149 497 
555 1848 0 0 

961 3203 0 0 

953 3177 0 0 

538 1793 0 0 

467 555 0 0 

79 263 0 0 

472 1572 0 0 

60 200 0 0 

443 1475 0 0 

386 1285 0 0 

572 1907 0 0 
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Table 7.4 Tolerable upper intake level (UL) for preformed vitamin A (retinol) 


Life stage Age 

Infants 0-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 


Supplements 


The principal forms of preformed vitamin A (reti- 
nol) in supplements are retinyl palmitate and 
retiny! acetate. B-Carotene is also a common 
source of vitamin A in supplements, and many 
supplements provide a combination of retinol 
and 8-carotene.*® If a percentage of the total vita- 
min A content of a supplement comes from 
B-carotene, this information is included in the 
Supplement Facts label under vitamin A. Most 
multivitamin supplements available in the Unit- 
ed States provide 1500p1g (5000IU) vitamin A, 
which is substantially more than the current RDA 
for vitamin A. This is due to the fact that the daily 
values used by the US Food and Drug Administra- 
tion (FDA) for supplement labeling are based on 
the RDA established in 1968 rather than the most 
recent RDA, and multivitamin supplements typi- 
cally provide 100% of the daily value for most nu- 
trients. As retinol intakes of 5000 IU/day may be 
associated with an increased risk of osteoporosis 
in older adults, some companies have reduced 
the retinol content in their multivitamin supple- 
ments to 750 pg (2500 1U). 


Safety 
Toxicity 


The condition caused by vitamin A toxicity is 
called hypervitaminosis A. It results from over- 
consumption of preformed vitamin A, not carot- 
enoids. Preformed vitamin A is rapidly absorbed 
and slowly cleared from the body, so toxicity 
from it may result acutely from high-dose expo- 
sure over a short period of time or chronically 
from a much lower intake.” Acute vitamin A tox- 
icity is relatively rare, and symptoms include 
nausea, headache, fatigue, loss of appetite, dizzi- 
ness, dry skin, desquamation, and cerebral ede- 


UL (g/day) (IU/day) 
600 (2000) 

600 (2000) 

900 (3000) 

1700 (5667) 

2800 (9333) 

3000 (10 000) 


ma. Signs of chronic toxicity include dry itchy 
skin, desquamation, loss of appetite, headache, 
cerebral edema, and bone and joint pain. In addi- 
tion, symptoms of vitamin A toxicity in infants 
include a bulging fontanel. Severe cases of hyper- 
vitaminosis A ray result in liver damage, hemor- 
rhage, and coma. Generally, signs of toxicity are 
associated with long-term consumption of vita- 
min A in excess of 10 times the RDA (8000- 
10000 g/day or 25000-33 0001U/day). How- 
ever, more research is necessary to determine if 
subclinical vitamin A toxicity is a concern in cer- 
tain populations.?” There is evidence that some 
populations may be more susceptible to toxicity 
at lower doses, including elderly people, chronic 
alcohol users, and some people with a genetic 
predisposition to high cholesterol.’ In January 
2001, the FNB set the tolerable upper intake level 
(UL) of vitamin A intake for adults at 3000 ug 
(10 0001U)/day of preformed vitamin A (Table 
7.4).?! 


Safety in Pregnancy 


Although normal fetal development requires suf- 
ficient vitamin A intake, consumption of excess 
preformed vitamin A (retinol) during pregnancy 
is known to cause birth defects. No increase in 
the risk of vitamin A-associated birth defects has 
been observed at doses of preformed vitamin A 
from supplements below 3000 g/day (10 000 1U/ 
day).?! As a number of foods in the United States 
are fortified with preformed vitamin A, pregnant 
women should avoid multivitamin or prenatal 
supplements that contain more than 1500pg 
(50001U) vitamin A. Vitamin A from ®-carotene 
is not known to increase the risk of birth defects. 
Etretinate and isotretinoin, synthetic derivatives 
of retinol, are known to cause serious birth de- 
fects and should not be taken during pregnancy 


Safety 


or if there is a possibility of becoming pregnant.28 
Tretinoin, another retinol derivative, is pre- 
scribed as a topical preparation that is applied to 
the skin. As a result of the potential for systemic 
absorption of topical tretinoin, its use during 
pregnancy is not recommended. 


Effects on Bone 


Results of some studies indicate that vitamin A 
intake is not associated with detrimental effects 
on bone mineral density (BMD) or fracture 
risk.3°-4! However, results of some prospective 
studies suggest that long-term intakes of pre- 
formed vitamin A in excess of 1500pg/day 
(5000 IU/day) are associated with increased risk 
of osteoporotic fracture and decreased BMD in 
older men and women.*2-* Although this level of 
intake is greater than the RDA of 700-900 p1g/day 
(2300-3000 IU/day), it is substantially lower 
than the UL of 3000 g/day (10 000 IU/day). Only 
excess intakes of preformed vitamin A (retinol), 
not B-carotene, were associated with adverse ef- 
fects on bone health. Although these observa- 
tional studies cannot provide the reason for the 
association between excess retinol intake and 
osteoporosis, limited experimental data suggest 
that excess retinol may stimulate bone resorp- 
tion! or interfere with the ability of vitamin D to 
maintain calcium balance.*® 

In the United States, retinol intakes in excess 
of 5000 IU/day can be easily attained by those 
who regularly consume multivitamin supple- 
ments and/or fortified foods, including some 
breakfast cereals. At the other end of the spec 
trum, a significant number of elderly people have 
insufficient vitamin A intakes, which have also 
been associated with decreased BMD. One study 
of elderly men and women found that BMD was 
optimal at vitamin A intakes close to the RDA.” 
Until supplements and fortified foods are refor- 
mulated to reflect the current RDA for vitamin A, 
it makes sense to look for multivitamin supple- 
ments that contain 2500 IU or those that contain 
50001U vitamin A, of which at least 50% comes 
from B-carotene. 


Drug Interactions 


Chronic alcohol consumption results in depletion 
of liver stores of vitamin A, and may contribute to 
alcohol-induced liver damage.” However, the 
liver toxicity of preformed vitamin A (retinol) is 
enhanced by chronic alcohol consumption, so 
narrowing the therapeutic window for vitamin A 
supplementation in those who abuse alcohol.*® 
Oral contraceptives that contain estrogen and 
progestin increase RBP synthesis by the liver, in- 
creasing the export of the RBP-retinol comple 
in blood. Whether this increases the dietary re- 
quirement of vitamin A is not known. Retinoids 
or retinoid analogs, including acitretin, all-trans- 
RA, bexarotene, etretinate, and isotretinoin, 
should not be used in combination with vitamin 
A supplements, because they may increase the 
risk of vitamin A toxicity.*® 


LPI Recommendation 


The RDA for vitamin A (23001U/day for women and 
3000 |U/day for men) is sufficient to support normal 
gene expression, immune function, and vision. How- 
ever, following the Linus Pauling Institute's recommen- 
dation to take a multivitamin/mineral supplement daily 
could supply as much as 50001U/day of vitamin A as 
retinol, the amount that has been associated with ad- 
verse effects on bone health in older adults. For this 
reason, we recommend taking a multivitamin/mineral 
supplement that provides no more than 25001U vita- 
min A or a supplement that provides 5000 IU vitamin A, 
of which at least 50% comes from B-carotene. High- 
potency vitamin A supplements should not be used 
without medical supervision due to the risk of toxicity. 


Older Adults 

Currently, there is little evidence that the requirement 
for vitamin A in older adults differs from that of young- 
er adults. In addition, vitamin A toxicity may occur at 
lower doses in older adults than in younger adults. Fol- 
lowing the Linus Pauling Institute’s recommendation to 
take a multivitamin/mineral supplement daily could 
supply as much as 50001U/day of retinol, the amount 
that has been associated with adverse effects on bone 
health in older adults. For this reason, we recommend 
taking a multivitamin/mineral supplement that pro- 
vides no more than 25001U vitamin A or a supplement 
that provides 50001U vitamin A, of which at least 50% 
comes from B-carotene. High-potency vitamin A sup- 
plements should not be used without medical supervi- 
sion due to the risk of toxicity. 
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5 Vitamin B, 


Vitamin Bg is a water-soluble vitamin that was 
first isolated in the 1930s. There are three tradi- 
tionally considered forms of vitamin Bg: pyrid- 
oxal (PL), pyridoxine (PN), and pyridoxamine 
(PM). The phosphate ester derivative pyridoxal 
5'-phosphate (PLP) is the principal coenzyme 
form and has the most importance in human me- 
tabolism.'-3 


Function 


Vitamin Bg must be obtained from the diet be- 
cause humans cannot synthesize it. PLP plays a 
vital role in the function of approximately 100 
enzymes that catalyze essential chemical reac- 
tions in the human body,' for example, PLP 
functions as a coenzyme for glycogen phosphor- 
ylase, an enzyme that catalyzes the release of 
glucose from stored glycogen. Much of the PLP in 
the human body is found in muscle bound to gly- 
cogen phosphorylase. PLP is also a coenzyme for 
reactions used to generate glucose from amino 
acids, a process known as gluconeogenesis.*° 


Nervous System Function 


In the brain, the synthesis of the neurotransmit- 
ter, serotonin, from the amino acid, tryptophan, 
is catalyzed by a PLP-dependent enzyme. Other 
neurotransmitters, such as dopamine, norepi- 
nephrine, and y-aminobutyric acid (GABA), are 
also synthesized using PLP-dependent enzymes.4 


Red Blood Cell Formation and 
Function 


PLP functions as a coenzyme in the synthesis of 
heme, an iron-containing component of hemo- 
globin. Hemoglobin is found in red blood cells 
and is critical to their ability to transport oxygen 
throughout the body. Both PL and PLP are able to 
bind to the hemoglobin molecule and affect its 
ability to pick up and release oxygen. However, 
the impact of this on normal oxygen delivery to 
tissues is not known.4 


Niacin Formation 


The human requirement for another B vitamin, 
niacin, can be met in part by the conversion of 
the essential amino acid, tryptophan, to niacin, 
as well as through dietary intake. PLP is a coen- 
zyme for a critical reaction in the synthesis of 
niacin from tryptophan, so adequate vitamin Bg 
decreases the requirement for dietary niacin.‘ 


Hormone Function 


Steroid hormones, such as estrogen and testos- 
terone, exert their effects in the body by binding 
to steroid hormone receptors in the nucleus of 
the cell and altering gene transcription. PLP binds 
to steroid receptors in a manner that inhibits the 
binding of steroid hormones, thus decreasing 
their effects. The binding of PLP to steroid recep- 
tors for estrogen, progesterone, testosterone, and 
other steroid hormones suggests that an individ- 
ual’s vitamin Bg status may have implications for 
diseases affected by steroid hormones, including 
breast cancer and prostate cancers.4 


Nucleic Acid Synthesis 


PLP serves as a coenzyme for a key enzyme in- 
volved in the mobilization of single-carbon func 
tional groups (one-carbon metabolism). Such re- 
actions are involved in the synthesis of nucleic 
acids. The effect of vitamin Bg deficiency on the 
function of the immune system may be partly re- 
lated to the role of PLP in one-carbon metabo- 
lism. 


Deficiency 


Severe deficiency of vitamin Bg is uncommon. 
People who abuse alcohol are thought to be most 
at risk of vitamin Bg deficiency due to low dietary 
intakes and impaired metabolism of the vitamin. 
In the early 1950s, seizures were observed in in- 
fants as a result of severe vitamin Bg deficiency 
caused by an error in the manufacture of infant 


formula. Abnormal electroencephalogram pat- 
terns have been noted in some studies of vitamin 
Bg deficiency. Other neurological symptoms 
noted in severe vitamin Bg deficiency include 
irritability, depression, and confusion; additional 
symptoms include inflammation of the tongue, 
sores or ulcers of the mouth, and ulcers of the 
skin at the corners of the mouth.2 


Recommended Dietary Allowance 


As vitamin Bg is involved in many aspects of me- 
tabolism, several factors are likely to affect an 
individual’s requirement for vitamin Bg. Of those 
factors, protein intake has been the most studied. 
Increased dietary protein results in an increased 
requirement for vitamin Bg, probably because 
PLP is a coenzyme for many enzymes involved in 
amino acid metabolism.§ Unlike previous recom- 
mendations, the Food and-Nutrition Board (FNB) 
of the Institute of Medicine did not express the 
most recent recommended dietary allowance 
(RDA) for vitamin Bg in terms of protein intake, 
although the relationship was considered in set- 
ting the RDA.’ The current RDA was revised by 
the FNB in 1998 (Table 8.1). 


Table 8.1 Recommended dietary allowance for vitamin Bg 


Disease Prevention 


Disease Prevention 
Cardiovascular Diseases 


Even moderately elevated levels of homocysteine 
in the blood have been associated with increased 
tisk for cardiovascular disease, including heart 
disease and stroke.® During protein digestion, 
amino acids, including methionine, are released. 
Homocysteine is an intermediate in the metabo- 
lism of methionine. Healthy individuals utilize 
two different pathways to metabolize homocys- 
teine: one converts homocysteine back to me- 
thionine and is dependent on folic acid and vita- 
min By, and the other converts homocysteine to 
the amino acid cysteine and requires two vita- 
min B, (PLP)-dependent enzymes. Thus, the 
amount of homocysteine in the blood is regulat- 
ed by at least three vitamins: folic acid, vitamin 
By2, and vitamin Bg (Fig. 8.1). Several large obser- 
vational studies have demonstrated an associa- 
tion between low vitamin Bg intake or status 
with increased blood homocysteine levels and 
increased risk of cardiovascular diseases. 

A large prospective study found that the risk 
of heart disease in women who consumed, on av- 
erage, 4.6 mg vitamin Bg daily was only 67% of the 
risk in women who consumed an average of 
1.1mg daily.” Another large prospective study 
found that higher plasma levels of PLP were as- 
sociated with a decreased risk of cardiovascular 
disease independent of homocysteine levels.!° 
Further, several studies have reported that low 
plasma PLP status is a risk factor for coronary ar- 
tery disease.''-13 In contrast to folic acid supple- 


Life stage Age Males (mg/day) Females (mg/day) 
Infants 0-6 months 0.1 (Al) 0.1 (Al) 
Infants 7-12 months 0.3 (Al) 0.3 (Al) 
Children 1-3 years 0.5 0.5 
Children 4-8 years 0.6 0.6 
Children 9-13 years 1.0 1.0 
Adolescents 14-18 years 1.3 1.2 
Adults 19-50 years 1.3 1.3 
Adults >51 years 1.7 1.5 
Pregnancy All ages - 1.9 
Breast-feeding All ages - 2.0 


Al, adequate intake. 


53 


54 


8 Vitamin Bg 


Methionine 


Methionine 
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Vitamin Be Í 
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Fig. 8.1 Homocysteine metabolism. S-Adenosylhomocys- 
teine is formed during S-adenosylmethionine-dependent 
methylation reactions, and the hydrolysis of S-adenosyl- 
homocysteine results in homocysteine. Homocysteine 
may be remethylated to form methionine by a folate-de- 


mentation, studies supplementing individuals 
with only vitamin B, have not resulted in signifi- 
cant decreases in basal (fasting) levels of homo- 
cysteine. However, one study found that vitamin 
Bg supplementation was effective in lowering 
blood homocysteine levels after an oral dose of 
methionine (methionine load test) was given,'4 
suggesting that vitamin B, may play a role in the 
metabolism of homocysteine after meals. 


Immune Function 


Low vitamin B, intake and nutritional status 
have been associated with impaired immune 
function, especially in elderly people. Decreased 
production of immune system cells known as 
lymphocytes, as well as decreased production of 
an important immune system protein called in- 
terleukin-2 (IL-2), have been reported in vitamin 
Be-deficient individuals.'> Restoration of vitamin 


pendent reaction that is catalyzed by methionine syn- 
thase, a vitamin B,dependent enzyme. Alternately, ho- 
mocysteine may be metabolized to cysteine in reactions 
catalyzed by two vitamin Be-dependent enzymes. 


Bs status has resulted in normalization of lym- 
phocyte proliferation and IL-2 production, sug- 
gesting that adequate vitamin Bg intake is impor- 
tant for optimal immune system function in old- 
er individuals.'>!§ However, one study found that 
the amount of vitamin Bg required to reverse 
these immune system impairments in elderly 
people was 2.9 mg/day for men and 1.9 mg/day 
for women; these vitamin Bg requirements are 
higher than the current RDA.!5 


Cognitive Function 


A few studies have associated cognitive decline in 
elderly people or people with Alzheimer disease 
with inadequate nutritional status of folic acid, 
vitamin Bj, and vitamin Be, and thus elevated 
levels of homocysteine.'? One observational 
study found that higher plasma vitamin Bg levels 
were associated with better performance on two 


measures of memory, but plasma vitamin Bg lev- 
els were unrelated to performance on 18 other 
cognitive tests.'8 Similarly, a double-blind, place- 
bo-controlled study in 38 healthy elderly men 
found that vitamin Bg supplementation improved 
memory but had no effect on mood or mental 
performance.!9 Further, a placebo-controlled tri- 
al in 211 healthy younger, middle-aged, and old- 
er women found that vitamin Bg supplementa- 
tion (75 mg/day) for 5 weeks improved memory 
performance in some age groups but had no ef- 
fect on mood.”° Recently, a systematic review of 
randomized trials concluded that there is inade- 
quate evidence that supplementation with vita- 
min Bg, vitamin B,, or folic acid improves cogni- 
tion in those with normal or impaired cognitive 
function.*! As a result of mixed findings, it is cur- 
rently unclear whether supplementation with B 
vitamins might blunt cognitive decline in elderly 
people. Further, it is not known if marginal B-vi- 
tamin deficiencies, which are relatively common 
in elderly people, even contribute to age-associ- 
ated declines in cognitive function, or whether 
both result from processes associated with aging 
and/or disease. 


Kidney Stones 


A large prospective study examined the relation- 
ship between vitamin Bg intake and the occur- 
rence of symptomatic kidney stones in women. A 
group of more than 85 000 women without a 
prior history of kidney stones were followed over 
14 years and those who consumed 40 mg or more 
of vitamin Bg daily had only two-thirds the risk of 
developing kidney stones compared with those 
who consumed 3mg or less.2* However, in a 
group of more than 45 000 men followed over 6 
years, no association was found between vitamin 
Bs intake and the occurrence of kidney stones.”? 
Limited data have shown that supplementation 
of vitamin Bg at levels higher than the tolerable 
upper intake level (100 mg/day) decreases elevat- 
ed urinary oxalate levels, an important determi- 
nant of calcium oxalate kidney stone formation 
in some individuals. However, it is less clear that 
supplementation actually resulted in decreased 
formation of calcium oxalate kidney stones. Cur- 
rently, the relationship between vitamin Bg in- 
take and the risk of developing kidney stones re- 
quires further study before any recommenda- 
tions can be made. 


Disease Treatment 
Disease Treatment 


Vitamin Bg supplements at pharmacological 
doses (i.e., doses much larger than those needed 
to prevent deficiency) have been used in an at- 
tempt to treat a wide variety of conditions, some 
of which are discussed below. In general, well- 
designed, placebo-controlled studies have shown 
little evidence that large supplemental doses of 
vitamin Bg are beneficial.*4 


Side Effects of Oral Contraceptives 


As vitamin Bg is required for the metabolism of 
the amino acid tryptophan, the tryptophan load 
test (an assay of tryptophan metabolites after an 
oral dose of tryptophan) was used as a functional 
assessment of vitamin Bę status. Abnormal tryp- 
tophan load tests in women taking high-dose 
oral contraceptives in the 1960s and 1970s sug- 
gested that these women were vitamin Bg defi- 
cient. Abnormal results in the tryptophan load 
test led to a number of clinicians prescribing high 
doses (100-150 mg/day) of vitamin Bg to women 
in order to relieve depression and other side ef- 
fects sometimes experienced with oral contra- 
ceptives. However, most other indices of vitamin 
Bs status were normal in women on high-dose 
oral contraceptives, and it is unlikely that the ab- 
normality in tryptophan metabolism was due to 
vitamin Bg deficiency.24 A more recent placebo- 
controlled study in women on the lower-dose 
oral contraceptives, which are commonly pre- 
scribed today, found that doses up to 150 mg/day 
of vitamin Bg (pyridoxine) had no benefit in pre- 
venting side effects, such as nausea, vomiting, 
dizziness, depression, and irritability. 


Premenstrual Syndrome 


The use of vitamin Bg to relieve the side effects of 
high-dose oral contraceptives led to its use in the 
treatment of the premenstrual syndrome (PMS). 
PMS refers to a cluster of symptoms, including 
but not limited to fatigue, irritability, moodiness/ 
depression, fluid retention, and breast tender- 
ness, that begin sometime after ovulation (mid- 
cycle) and subside with the onset of menstrua- 
tion (the monthly period). A review of 12 
placebo-controlled, double-blind trials on vita- 
min Bg use for PMS treatment concluded that 
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evidence for a beneficial effect was weak.” A 
more recent review of 25 studies suggested that 
supplemental vitamin Bg, up to 100 mg/day, may 
be of value to treat PMS; however, only limited 
conclusions could be drawn because most of the 
studies were of poor quality.”” 


Depression 


Because a key enzyme in the synthesis of the 
neurotransmitters serotonin and norepinephrine 
is PLP dependent, it has been suggested that vita- 
min Bs deficiency may lead to depression. How- 
ever, clinical trials have not provided convincing 
evidence that vitamin Bg, supplementation is an 
effective treatment for depression,?*2® although 
vitamin Bs may have therapeutic efficacy in pre- 
menopausal women.® 


Nausea and Vomiting in Pregnancy 


Vitamin B, has been used since the 1940s to treat 
nausea during pregnancy. It was included in the 
medication Bendectin, which was prescribed for 
the treatment of morning sickness and later 
withdrawn from the market due to unproven 
concerns that it increased the risk of birth de- 
fects. Vitamin Bg itself is considered safe during 
pregnancy and has been used in pregnant 
women without any evidence of fetal harm.?° 
The results of two double-blind, placebo-con- 
trolled trials that used 25 mg pyridoxine every 8 
hours for 3 days?° or 10mg pyridoxine every 8 
hours for 5 days”? suggest that vitamin Bg may be 
beneficial in alleviating morning sickness. Each 
study found a slight but significant reduction in 
Nausea or vomiting in pregnant women. A sys- 
tematic review of placebo-controlled trials on 
nausea during early pregnancy found vitamin Be 
to be somewhat effective.3! However, it should be 
noted that morning sickness also resolves with- 
out any treatment, making it difficult to perform 
well-controlled trials. 


Carpal Tunnel Syndrome 


Carpal tunnel syndrome causes numbness, pain, 
and weakness of the hand and fingers due to 
compression of the median nerve at the wrist. It 
may result from repetitive stress injury of the 
wrist or from soft-tissue swelling, which some- 
times occurs with pregnancy or hypothyroidism. 


Several early studies by the same investigator 
suggested that vitamin Bg status was low in indi- 
viduals with carpal tunnel syndrome and that 
supplementation with 100-200 mg/day over sev- 
eral months was beneficial.3273 A study in men 
not taking vitamin supplements found that de- 
creased blood levels of PLP were associated with 
increased pain, tingling, and nocturnal wakening, 
all symptoms of carpal tunnel syndrome.*# Stud- 
ies using electrophysiological measurements of 
median nerve conduction have largely failed to 
find an association between vitamin Bg deficien- 
cy and carpal tunnel syndrome. Although a few 
trials have noted some symptomatic relief with 
vitamin B, supplementation, double-blind, pla- 
cebo-controlled trials have not generally found 
vitamin B, to be effective in treating carpal tun- 
nel syndrome.*43° 


Sources 


Food Sources 


Surveys in the United States have shown that di- 
etary intake of vitamin Bg averages about 2 mg/ 
day for men and 1.5 mg/day for women. A survey 
of elderly individuals found that men and women 
aged over 60 years consumed about 1.2 mg/day 
and 1.0 mg/day, respectively; both intakes are 
lower than the current RDA. Certain plant foods 
contain a unique form of vitamin Bg, called pyri- 
doxine glucoside; this form appears to be only 
about half as bioavailable as vitamin Bẹ from 
other food sources or supplements. Vitamin Bg in 
a mixed diet has been found to be approximately 
75% bioavailable.’ In most cases, including foods 
in the diet that are rich in vitamin B, should sup- 
ply enough to prevent deficiency. However, those 
who follow a very restricted vegetarian diet 
might need to increase their vitamin B, intake by 
eating foods fortified with vitamin B, or by tak- 
ing a supplement. Some foods that are relatively 
rich in vitamin B, and their vitamin Bẹ content 
are listed in Table 8.2. 


Supplements 


Vitamin Bg is available as pyridoxine hydrochlo- 
ride in multivitamin, vitamin B-complex, and vi- 
tamin Bg supplements.3° 


Safety 


ooo eee 


Table 8.2 Food sources of vitamin Bg 


Food Serving Vitamin Be 
(mg) 
Fortified cereal 1 cup 0.5-2.5 
Potato, Russet, baked 1 medium 0.70 
with skin 
Chicken, light meat 3 ounces? 0.51 
without skin, cooked 
Salmon, wild, cooked 3 ounces? 0.48 
Banana 1 medium 0.43 
Turkey, without skin, 3 ounces? 0.39 
cooked 
Spinach, cooked 1 cup 0.44 
Vegetable juice cocktail 6 ounces 0.26 
Hazelnuts, dry roasted 1 ounce 0.18 


aA 3-ounce serving of meat or fish is about the size of a 
deck of cards. 


Safety 
Toxicity 


As adverse effects have been documented only 
from vitamin Bg supplements and never from 
food sources, only safety concerning the supple- 
mental form of vitamin Bg (pyridoxine) is dis- 
cussed. Although vitamin Bg, is a water-soluble 
vitamin and is excreted in the urine, long-term 
supplementation with very high doses of pyri- 
doxine may result in painful neurological symp- 
toms known as sensory neuropathy. Symptoms 
include pain and numbness of the extremities 
and, in severe cases, difficulty walking. Sensory 
neuropathy typically develops at doses of pyri- 
doxine in excess of 1000 mg/day. However, there 
have been a few case reports of individuals who 
developed sensory neuropathies at doses of more 
than 500 mg daily over a period of months. Yet, 
none of the studies in which an objective neuro- 
logical examination was performed reported evi- 
dence of sensory nerve damage at intakes below 
200mg pyridoxine daily.24 To prevent sensory 
neuropathy in virtually all individuals, the FNB 
set the tolerable upper intake level (UL) for pyri- 
doxine at 100 mg/day for adults (Table 8.3).’ As 
placebo-controlled studies have generally failed 
to show therapeutic benefits of high doses of 
pyridoxine, there is little reason to exceed the UL 
of 100 mg/day. 


Table 8.3 Tolerable upper intake level (UL) for vitamin Bg 


Life stage Age UL (mg/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 30 

Children 4-8 years 40 

Children 9-13 years 60 

Adolescents 14-18 years 80 

Adults 219 years 100 


Source of intake should be from food and formula only. 


Drug Interactions 


Certain medications interfere with the metabo- 
lism of vitamin Bg, so some individuals may be 
vulnerable to a vitamin Bg deficiency if supple- 
mental vitamin B, is not taken. Anti-tuberculosis 
medications, including isoniazid and cycloserine, 
the metal chelator penicillamine, and anti-par- 
kinsonian drugs including L-dopa, all form com- 
plexes with vitamin B, and thus create a func 
tional deficiency. In addition, the efficacy of other 
medications may be altered by high doses of vita- 
min Bg, for example, high doses of vitamin Bg 
have been found to decrease the efficacy of two 
anticonvulsants, phenobarbital and phenytoin, 
as well as levodopa.*4 


LPI Recommendation 


Metabolic studies suggest that young women require 
0.02 mg vitamin B./g protein consumed daily.637:38 Us- 
ing the upper boundary for acceptable levels of protein 
intake for women (100 g/day), the daily vitamin Bg re- 
quirement for young women would be calculated at 
2.0mg/day. Older adults may also require at least 
2.0 mg/day. For these reasons, the Linus Pauling Insti- 
tute recommends that all adults consume at least 
2.0 mg vitamin Bg daily. Following the Linus Pauling In- 
stitute recommendation to take a daily multivitamin/ 
mineral supplement containing 100% of the daily value 
for vitamin B, will ensure an intake of at least 2.0 mg/ 
day of vitamin Bs. Although a vitamin Bẹ intake of 
2.0 mg/day is slightly higher than the most recent RDA, 
it is 50 times less than the UL set by the FNB (see Table 
8.3). 
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Older Adults 

Metabolic studies have indicated that the requirement 
for vitamin Bg in older adults is approximately 2.0 mg/ 
day;?° this requirement could be even higher if the ef- 
fect of marginally deficient vitamin Bg intakes on im- 
mune function and homocysteine levels is clarified. 
Despite evidence that the requirement for vitamin Be 
may be slightly higher in older adults, several surveys 
have found that over half of individuals aged over 60 
consume less than the current RDA (1.7 mg/day for 
men and 1.5 mg/day for women). For these reasons, the 
Linus Pauling Institute recommends that older adults 
take a multivitamin/mineral supplement, which gener- 
ally provides at least 2.0 mg vitamin Bg daily. 
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Vitamin B} has the largest and most complex 
chemical structure of all the vitamins. It is unique 
among vitamins in that it contains a metal ion, 
cobalt. For this reason cobalamin is the term used 
to refer to compounds with vitamin B,2 activity. 
Methylcobalamin and 5-deoxyadenosylcobala- 
min are the forms of vitamin B43 used in the hu- 
man body.! The form of cobalamin used in most 
supplements, cyanocobalamin, is readily con- 
verted to 5-deoxyadenosyl- and methylcobala- 
min in the body. In mammals, cobalamin is a co- 
factor for only two enzymes, methionine syn- 
thase and t-methylmalonyl-coenzyme A (CoA) 
mutase.” 


Function 


Cofactor for Methionine Synthase 


Methylcobalamin is required for the function of 
the folate-dependent enzyme, methionine syn- 
thase. This enzyme is required for the synthesis 
of the amino acid, methionine, from homocyste- 
ine. Methionine in turn is required for the syn- 
thesis of S-adenosylmethionine, a methyl group 
donor used in many biological methylation reac- 
tions, including the methylation of a number of 
sites within DNA and RNA? Methylation of DNA 
may be important in cancer prevention. Inade- 
quate function of methionine synthase can lead 
to an accumulation of homocysteine, which may 
be associated with increased risk of cardiovascu- 
lar diseases (Fig. 9.1). 


Cofactor for Methylmalonyl-CoA 
Mutase 


5-Deoxyadenosylcobalamin is required by 
methylmalonyl-CoA mutase, the enzyme that 
catalyzes the conversion of .-methylmalonyl-CoA 
to succinyl-CoA. This biochemical reaction plays 
an important role in the production of energy 
from fats and proteins. Succinyl-CoA is also re- 
quired for the synthesis of hemoglobin, the oxy- 
gen-carrying pigment in red blood cells.3 


Deficiency 


Vitamin B; deficiency is estimated to affect 10%- 
15% of individuals aged over 60.4 Absorption of 
vitamin Bız from food requires normal function 
of the stomach, pancreas, and small intestine. 
Stomach acid and enzymes free vitamin B,2 from 
food, allowing it to bind to other proteins called R 
proteins? In the alkaline environment of the 
small intestine, R proteins are degraded by pan- 
creatic enzymes, freeing vitamin B,2 to bind to 
intrinsic factor (IF), a protein secreted by special- 
ized cells in the stomach. Receptors on the sur- 
face of the small intestine take up the IF-B,2 com- 
plex only in the presence of calcium, which is 
supplied by the pancreas.° Vitamin B,2 can also 
be absorbed by passive diffusion, but this process 
is very inefficient—only about 1% absorption of 
the vitamin B,, dose is passive.? 


Causes of Vitamin B,, Deficiency 


The most common causes of vitamin Bı defi- 
ciency are pernicious anemia and food-bound 
vitamin B, malabsorption. Although both causes 
become more common with increasing age, they 
are separate conditions.4 


Pernicious anemia. Pernicious anemia has been 
estimated to be present in approximately 2% of 
individuals aged over 60.6 Although anemia is of- 
ten a symptom, the condition is actually the end- 
stage of an autoimmune inflammation of the 
stomach, resulting in destruction of stomach 
cells by one’s own antibodies. Progressive de- 
struction of the cells that line the stomach causes 
decreased secretion of acid and enzymes re- 
quired to release food-bound vitamin B,>. Anti- 
bodies to IF bind to IF, preventing formation of 
the IF-B,, complex, further inhibiting vitamin 
Bı2 absorption. If the body’s vitamin B, stores 
are adequate before the onset of pernicious ane- 
mia, it may take years for symptoms of deficiency 
to develop. About 20% of the relatives of perni- 
cious anemia patients also have pernicious ane- 
Mia, suggesting a genetic predisposition. Treat- 
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Fig.9.1 Biological methylation reactions and homocyste- 
ine metabolism. Use of S-adenosylmethionine as the 
methyl donor for biological methylation reactions results 
in the formation of S-adenosylhomocysteine. Homocyste- 
ine is formed from the hydrolysis of S-adenosylhomocys- 
teine. Homocysteine may be remethylated to form me- 


ment of pernicious anemia generally requires 
injections of vitamin B4 to bypass intestinal ab- 
sorption. High-dose oral supplementation is an- 
other treatment option, because consuming 
1000 pg (1 mg)/day of vitamin B,2 orally should 
result in the absorption of about 10 pg/day (about 
1%) by passive diffusion.’ In fact, high-dose oral 
therapy is considered to be as effective as intra- 
muscular injection.’~!° 


Food-bound vitamin B,, malabsorption. Food- 
bound vitamin B; malabsorption is defined as an 
impaired ability to absorb food or protein-bound 
vitamin By, although the free form is fully ab- 
sorbable."! In elderly people, food-bound vitamin 
B,2 malabsorption is thought to result mainly 
from atrophic gastritis, a chronic inflammation of 
the lining of the stomach that ultimately results 
in the loss of glands in the stomach (atrophy) and 


thionine by a folate-dependent reaction that is catalyzed 
by methionine synthase, a vitamin B,2-dependent en- 
zyme. Alternately, homocysteine may be metabolized to 
cysteine in reactions catalyzed by two vitamin Be-depen- 
dent enzymes. 


decreased stomach acid production. As stomach 
acid is required for the release of vitamin B42 
from the proteins in food, vitamin B,, absorption 
is diminished. Decreased stomach acid produc 
tion also provides an environment conducive to 
the overgrowth of anaerobic bacteria in the 
stomach, which further interferes with vitamin 
B,2 absorption.? As vitamin B, in supplements is 
not bound to protein, and as IF is still available, 
the absorption of supplemental vitamin B42 is not 
reduced as it is in pernicious anemia. Thus, indi- 
viduals with food-bound vitamin B,, malabsorp- 
tion do not have an increased requirement for 
vitamin B43; they simply need it in the crystalline 
form found in fortified foods and dietary supple- 
ments. 


Atrophic gastritis. Atrophic gastritis is thought 
to affect 10%-30% of people aged over 60 years, 
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and the condition is frequently associated with 
infection by the bacterium, Helicobacter pylori. H. 
pylori infection induces chronic inflammation of 
the stomach, which may progress to peptic ulcer 
disease, atrophic gastritis, and/or gastric cancer 
in some individuals. The relationship of H. pylori 
infection to atrophic gastritis, gastric cancer, and 
vitamin B} deficiency is currently an area of ac- 
tive research.4 


Other Causes of Vitamin B42 
Deficiency 


Other causes of vitamin B,, deficiency include 
surgical resection of the stomach or portions of 
the small intestine where receptors for the IF-B,. 
complex are located. Conditions affecting the 
small intestine, such as malabsorption syn- 
dromes (celiac disease and tropical sprue), may 
also result in vitamin Bj, deficiency. As the pan- 
creas provides critical enzymes as well as calci- 
um needed for vitamin B} absorption, pancreatic 
insufficiency may contribute to vitamin B} defi- 
ciency. Because vitamin B43 is found only in foods 
of animal origin, a strict vegetarian (vegan) diet 
has resulted in cases of vitamin B, deficiency. 
People who abuse alcohol may experience re- 
duced intestinal absorption of vitamin B43. Indi- 
viduals with acquired immune deficiency syn- 
drome (AIDS) appear to be at increased risk of 
deficiency, possibly related to a failure of the IF- 
B,2 receptor to take up the IF-B,2 complex.? Long- 
term use of acid-reducing drugs has also been 
implicated in vitamin By deficiency. 


Symptoms of Vitamin B,, Deficiency 


Vitamin B,, deficiency results in impairment of 
the activities of vitamin B,.-requiring enzymes. 
Impaired activity of methionine synthase may 
result in elevated homocysteine levels, whereas 
impaired activity of t-methylmalonyl-CoA mu- 
tase results in increased levels of a metabolite of 
methylmalonyl-CoA called methyimalonic acid 
(MMA). Individuals with mild vitamin B4, defi- 
ciency may not experience symptoms, although 
blood levels of homocysteine and/or MMA may 
be elevated.!2 


Megaloblastic anemia. Diminished activity of 
methionine synthase in vitamin B, deficiency 
inhibits the regeneration of tetrahydrofolate 


(THF) and traps folate in a form that is not usable 
by the body (Fig. 9.2), resulting in symptoms of 
folate deficiency even in the presence of adequate 
folate levels. Thus, in both folate and vitamin B42 
deficiencies, folate is unavailable to participate in 
DNA synthesis. This impairment of DNA synthe- 
sis affects the rapidly dividing cells of the bone 
marrow earlier than other cells, resulting in the 
production of large, immature, hemoglobin-poor, 
red blood cells. The resulting anemia is known as 
megaloblastic anemia and is the symptom for 
which the disease, pernicious anemia, was 
named.? Supplementation with folic acid will 
provide enough usable folate to restore normal 
red blood cell formation. However, if vitamin B42 
deficiency is the cause, it will persist despite res- 
olution of the anemia. Thus, megaloblastic ane- 
mia should not be treated with folic acid until the 
underlying cause has been determined.’ 


Neurological symptoms. The neurological symp- 
toms of vitamin B,, deficiency include numbness 
and tingling of the arms and, more commonly, 
the legs, difficulty walking, memory loss, disori- 
entation, and dementia with or without mood 
changes. Although the progression of neurologi- 
cal complications is generally gradual, such 
symptoms are not always reversible with treat- 
ment of vitamin B42 deficiency, especially if they 
have been present for a long time. Neurological 
complications are not always associated with 
megaloblastic anemia and are the only clinical 
symptom of vitamin B, deficiency in about 25% 
of cases. Although vitamin B}, deficiency is 
known to damage the myelin sheath covering 
cranial, spinal, and peripheral nerves, the bio- 
chemical processes leading to neurological dam- 
age in vitamin By, deficiency are not well under- 
stood.’ 


Gastrointestinal symptoms. Tongue soreness, 
appetite loss, and constipation have also been as- 
sociated with vitamin Bı deficiency. The origins 
of these symptoms are unclear, but they may be 
related to the stomach inflammation underlying 
some cases of vitamin B4, deficiency, or to the in- 
creased vulnerability of rapidly dividing gastro- 
intestinal cells to impaired DNA synthesis.® 
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Fig.9.2 Vitamin B,, and nucleic acid metabolism. 
5,10-methylene tetrahydrofolate (THF) is required for the 
synthesis of nucleic acids, and 5-methyl THF is required 
for the formation of methionine from homocysteine by 
the vitamin B,.-dependent enzyme methionine synthase. 
Methionine, in the form of S-adenosylmethionine, is re- 


Recommended Dietary 
Allowance 


The current recommended dietary allowance 
(RDA) was revised by the Food and Nutrition 
Board (FNB) of the Institute of Medicine in 1998 


Table 9.1 Recommended dietary allowance for vitamin B42 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 19-50 years 
Adults 251 years 
Pregnancy All ages 
Breast-feeding All ages 


Al, adequate intake. 


Homocysteine 


quired for many biological methylation reactions, includ- 
ing the methylation of DNA. Vitamin B,, deficiency traps 
folate in a form that is unusable by the body for DNA syn- 
thesis and results in a reduced capacity for DNA methyla- 
tion. 


(Table 9.1). As a result of the increased risk of 
food-bound vitamin Bı malabsorption in older 
adults, the FNB recommended that adults over 50 
years of age get most of the RDA from fortified 
food or vitamin B,,-containing supplements.® 


Males (g/day) Females (ugļday) 


0.4 (Al) 0.4 (Al) 
0.5 (Al) 0.5 (Al) 
0.9 0.9 

1.2 ee 

1.8 1.8 

2.4 2.4 
2.4 2.4 
2.42 2.4 

= 2.6 

z 2.8 


alt is advisable for this amount to be obtained by consuming foods fortified with vitamin B42 or from a vitamin 


B,z-containing supplement. 
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Disease Prevention 
Cardiovascular Diseases 


The results of more than 80 studies indicate that 
even moderately elevated levels of homocysteine 
in the blood increase the risk of cardiovascular 
diseases,” although the mechanism by which 
homocysteine increases the disease risk remains 
the subject of a great deal of research. The 
amount of homocysteine in the blood is regulat- 
ed by at least three vitamins: folate, vitamin B42, 
and vitamin Bg (see Fig. 9.1). Analysis of the re- 
sults of 12 homocysteine-lowering trials showed 
that folic acid supplementation (0.5-5.0 mg/day) 
had the greatest lowering effect on blood homo- 
cysteine levels (25%); co-supplementation with 
folic acid and vitamin B,, (mean 0.5 mg/day or 
500 pg/day) provided an additional 7% reduction 
in blood homocysteine concentrations.'4 The re- 
sults of a sequential supplementation trial in 53 
men and women indicated that, after folic acid 
supplementation, vitamin B4 became the major 
determinant of plasma homocysteine levels.!> 
Some evidence indicates that vitamin B,, defi- 
ciency is a major cause of elevated homocysteine 
levels in people aged over 60. Two studies found 
blood MMA levels to be elevated in more than 
60% of elderly individuals with elevated homo- 
cysteine levels. An elevated MMA level, together 
with elevated homocysteine, in the absence of 
impaired kidney function, suggests either a vita- 
min B43 deficiency or a combined vitamin B, and 
folate deficiency.'® Thus, it is important to evalu- 
ate vitamin B4; status as well as kidney function 
in older individuals with elevated homocysteine 
levels before starting homocysteine-lowering 
therapy. For more information about homocyste- 
ine and cardiovascular diseases, see Chapter 2. 
Although increased intake of folic acid and vi- 
tamin B,2 has been found to decrease homocys- 
teine levels, it is not currently known whether 
increasing the intake of these vitamins will 
translate to reductions in risk for cardiovascular 
diseases. However, several randomized, placebo- 
controlled trials are presently being conducted to 
determine whether homocysteine lowering 
through folic acid and other B-vitamin supple- 
mentation reduces the incidence of cardiovascu- 
lar diseases. A meta-analysis of data from four of 
the ongoing trials shows that B-vitamin supple- 
mentation had no significant effect on risk of 


coronary heart disease or stroke, but only about 
14 000 participants were included in the analysis 
and thus any conclusions are limited.1” Neverthe- 
less, the completion of ongoing clinical trials 
should help to answer whether or not supple- 
mental B vitamins lower risk for cardiovascular 
diseases. 


Cancer 


Folate is required for the synthesis of DNA, and 
there is evidence that decreased availability of 
folate results in strands of DNA that are more 
susceptible to damage. Deficiency of vitamin B42 
traps folate in a form that is unusable by the body 
for DNA synthesis. Both vitamin B,, and folate 
deficiencies result in a diminished capacity for 
methylation reactions (see Fig. 9.2). Thus, vita- 
min Bz deficiency may lead to an elevated rate of 
DNA damage and altered methylation of DNA, 
both of which are important risk factors for can- 
cer. A series of studies in young adults and older 
men indicated that increased levels of homocys- 
teine and decreased levels of vitamin B,, in the 
blood were associated with a biomarker of chro- 
mosome breakage in white blood cells. In a dou- 
ble-blind, placebo-controlled study, the same 
biomarker of chromosome breakage was mini- 
mized in young adults who were supplemented 
with 700 pg folic acid and 7 pg vitamin B4, daily 
in cereal for 2 months.!8 


Breast cancer. A case-control study compared 
prediagnostic levels of serum folate, vitamin Beg, 
and vitamin B, in 195 women later diagnosed 
with breast cancer and 195 age-matched women 
who were not diagnosed with breast cancer.!9 
Among women who were postmenopausal at the 
time of blood donation, the association between 
blood levels of vitamin B43 and breast cancer sug- 
gested a threshold effect. The risk of breast can- 
cer was more than doubled in women with se- 
rum vitamin B, levels in the lowest quintile com- 
pared with women in the four highest quintiles. 
The investigators found no relationship between 
breast cancer and serum levels of vitamin Be, fo- 
late, or homocysteine. A case-control study in 
Mexican women (475 cases and 1391 controls) 
reported that breast cancer risk for women in the 
highest quartile (a quarter) of vitamin B, intake 
was 68% lower than for those in the lowest quar- 
tile? Stratification of the data revealed that the 


inverse association between dietary vitamin B,> 
intake and breast cancer risk was stronger in 
postmenopausal women compared with pre- 
menopausal women, although both associations 
were Statistically significant. As these studies 
were observational, it cannot be determined 
whether decreased serum levels of vitamin B43 or 
low dietary vitamin B4, intakes were a cause ora 
result of breast cancer. Previously, there has been 
little evidence to suggest a relationship between 
vitamin Bz status and breast cancer risk. How- 
ever, high dietary folate intakes have been associ- 
ated with reduced risk for breast cancer in several 
studies, and some studies have reported that vi- 
tamin B, intake may modify this association.2!2? 


Neural Tube Defects 


Neural tube defects (NTDs) may result in anen- 
cephaly or spina bifida, devastating and some- 
times fatal birth defects. The defects occur be- 
tween days 21 and 27 after conception, a time 
when many women do not realize that they are 
pregnant. Randomized controlled trials have 
demonstrated 60%-100% reductions in NTD 
cases when women consumed folic acid supple- 
ments, in addition to a varied diet, during the 
month before and the month after conception. 
Increasing evidence indicates that the homocys- 
teine-lowering effect of folic acid plays a critical 
role in lowering the risk of NTDs.24 Homocyste- 
ine may accumulate in the blood when there is 
inadequate folate and/or vitamin B43 for effective 
functioning of the methionine synthase enzyme. 
Decreased vitamin B43 levels in the blood and 
amniotic fluid of pregnant women have been as- 
sociated with an increased risk of NTDs, suggest- 
ing that adequate vitamin B,, intake in addition 
to folic acid may be beneficial in the prevention 
of NTDs. 


Alzheimer Disease and Dementia 


Individuals with Alzheimer disease often have 
low blood levels of vitamin B42. One study found 
lower vitamin B4 levels in the cerebrospinal fluid 
of patients with Alzheimer disease than in pa- 
tients with other types of dementia, although 
blood levels of vitamin Bı did not differ.2° The 
reason for the association of low vitamin B43 sta- 
tus with Alzheimer disease is not clear. Vitamin 
Bız deficiency, similar to folate deficiency, may 
lead to decreased synthesis of methionine and 


Disease Prevention 


S-adenosylmethionine, thereby adversely affect- 
ing methylation reactions. Methylation reactions 
are essential for the metabolism of components 
of the myelin sheath of nerve cells, as well as for 
neurotransmitters. Also, moderately increased 
homocysteine levels as well as decreased folate 
and vitamin B4; levels have been associated with 
Alzheimer disease and vascular dementia. 

Some but not all studies have associated ele- 
vated homocysteine concentrations or decreased 
serum levels of vitamin B, with an increased risk 
of Alzheimer disease. A case-control study of 164 
patients with dementia of the Alzheimer type 
(DAT) included 76 patients in whom the diagno- 
sis of Alzheimer disease was confirmed by ex- 
amination of brain cells after death.” Compared 
with 108 control individuals with no evidence of 
dementia, the patients with DAT and confirmed 
Alzheimer disease had higher blood homocyste- 
ine levels and lower blood levels of folate and vi- 
tamin B,. Measures of general nutritional status 
indicated that the association of increased homo- 
cysteine levels and diminished vitamin B43 status 
with Alzheimer disease was not due to demen- 
tia-related malnutrition.”® 

In another study, low serum vitamin Bj 
(<150 pmol/L) or folate (<10 nmol/L) levels were 
associated with a doubling of the risk of develop- 
ing Alzheimer disease in 370 elderly men and 
women followed over 3 years.?” In a sample of 
1092 men and women without dementia fol- 
lowed for an average of 10 years, those with high- 
er plasma homocysteine levels at baseline had a 
significantly higher risk of developing Alzheimer 
disease and other types of dementia.28 

Specifically, those with plasma homocysteine 
levels of more than 14pmol/L had nearly double 
the risk of developing Alzheimer disease. A study 
in 650 elderly men and women reported that the 
risk of elevated plasma homocysteine levels was 
significantly higher in those with lower cognitive 
function scores.2° A prospective study in 816 el- 
derly men and women reported that those with 
elevated homocysteine levels (> 15 pmol/L) had a 
significantly higher risk of developing Alzheimer 
disease or dementia, but vitamin B,2 status was 
not related to risk of Alzheimer disease or de- 
mentia in this study.2° Similarly, another pro- 
spective study in 965 older adults found that vi- 
tamin B, status was not related to the risk of 
Alzheimer disease.?! Further, a prospective study 
in 1041 older adults, followed for a median of 3.9 
years, found that vitamin B, dietary intake was 
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not associated with risk of developing Alzheimer 
disease.22 

B-vitamin supplementation is commonly 
used to treat hyperhomocysteinemia. A recent 
randomized, double-blind, placebo-controlled 
clinical trial in 253 older individuals with plasma 
homocysteine concentrations of 13umol/L or 
more found that daily B-vitamin supplementa- 
tion (1 mg folic acid, 0.5mg vitamin By, and 
10 mg vitamin Bg) for 2 years did not affect mea- 
sures of cognitive performance, despite an aver- 
age 4.36 pmol/L reduction in plasma homocyste- 
ine concentrations.” Another randomized, dou- 
ble-blind, placebo-controlled study in 195 elder- 
ly adults reported that oral vitamin Bj 
supplementation (1 mg daily) for 6 months had 
no effect on measures of cognitive function.*4 
Several of the homocysteine-lowering trials pri- 
marily focused on assessing cardiovascular dis- 
ease risk will also assess measures of cognitive 
function.*° Thus, the findings of these ongoing 
trials may provide insight into whether long- 
term B-vitamin supplementation is protective 
against dementia. 


Depression 


Observational studies have found that as many as 
30% of patients hospitalized for depression are 
deficient in vitamin B,.2°A cross-sectional study 
of 700 community-living, physically disabled 
women aged over 65 found that vitamin B,-defi- 
cient women were twice as likely to be severely 
depressed as non-deficient women.?’ A popula- 
tion-based study in 3884 elderly men and wom- 
en with depressive disorders found that those 
with vitamin B, deficiency were almost 70% 
more likely to experience depression than those 
with normal vitamin B4 status.?8 The reasons for 
the relationship between vitamin B,, deficiency 
and depression are not clear but may involve 
S-adenosylmethionine (SAM). Vitamin B,. and 
folate are required for the synthesis of SAM, a 
methyl group donor essential for the metabolism 
of neurotransmitters, the bioavailability of which 
has been related to depression. This hypothesis is 
supported by several studies that have shown 
that supplementation with SAM improves de- 
pressive symptoms.**-*? As few studies have ex- 
amined the relationship of vitamin B, status and 
the development of depression over time, it can- 
not yet be determined if vitamin B, deficiency 
plays a causal role in depression. However, due to 


the high prevalence of vitamin B12 deficiency in 
older individuals, it may be beneficial to screen 
for vitamin Bı deficiency as part of a medical 
evaluation for depression. 


Sources 


Food Sources 


Only bacteria can synthesize vitamin B;2. Vita- 
min B} is present in animal products such as 
meat, poultry, fish (including shellfish), and to a 
lesser extent milk, but it is not generally present 
in plant products or yeast.’ Fresh pasteurized 
milk contains 0.9 ug per cup and is an important 
source of vitamin Bı for some vegetarians.® 
Those vegetarians who eat no animal products 
need supplemental vitamin B, to meet their re- 
quirements. Also, individuals aged over 50 should 
obtain their vitamin B,» in supplements or forti- 
fied foods such as fortified cereal because of the 
increased likelihood of food-bound vitamin B42 
malabsorption. 

Most people do not have a problem obtaining 
the RDA of 2.4 g/day of vitamin B42 from food. In 
the United States, the average intake of vitamin 
Bı2 is about 4.5 g/day for young men, and 3 ug/ 
day for young women. In a sample of adults aged 
over 60, men were found to have an average di- 
etary intake of 3.4ug/day and women had an 
average dietary intake of 2.6 1g/day.° Some foods 
with substantial amounts of vitamin B,, are 


Table 9.2 Food sources of vitamin B42 


Food Serving Vitamin By 
(ug) 
Clams, steamed 3 ounces? 84.0 
Mussels, 3 ounces? 20.4 
steamed 
Crab, steamed 3 ounces? 8.8 
Salmon, baked 3 ounces? 2.4 
Beef, cooked 3 ounces? 2.1 
Rockfish, baked 3 ounces? 1.0 
Milk 8 ounces 0.9 
Brie, cheese 1 ounce 0.5 
Eqg, poached 1 large 0.4 
Chicken, roasted 3 ounces? 0.3 
Turkey, roasted 3 ounces? 0.3 


3A 3-ounce serving of meat, fish, or shellfish is about the 
size of a deck of cards. 


Safety 


listed in Table 9.2, along with their vitamin B43 
content. 


Supplements 


Cyanocobalamin is the principal form of vitamin 
B,2 used in supplements but methylcobalamin is 
also available as a supplement. Cyanocobalamin 
is available by prescription in an injectable form 
and as a nasal gel for the treatment of pernicious 
anemia. Over-the-counter preparations contain- 
ing cyanocobalamin include multivitamin, vita- 
min B-complex, and vitamin B,, supplements.” 


Safety 
Toxicity 


No toxic or adverse effects have been associated 
with large intakes of vitamin Bız from food or 
supplements in healthy people. Doses as high as 
1 mg (1000 pg) daily by mouth or 1 mg monthly 
by intramuscular injection have been used to 
treat pernicious anemia without significant side 
effects. When high doses of vitamin B43 are given 
orally, only a small percentage can be absorbed, 
which may explain the low toxicity. As a result of 
the low toxicity of vitamin B,, no tolerable up- 
per intake level (UL) was set by the FNB in 1998 
when the RDA was revised.® 


Drug Interactions 


A number of drugs reduce the absorption of vita- 
min B,. Proton pump inhibitors (e.g., omepra- 
zole and lansoprazole), used for therapy of 
Zollinger-Ellison syndrome and gastroesopha- 
geal reflux disease, markedly decrease stomach 
acid secretion required for the release of vitamin 
B,2 from food but not from supplements. Long- 
term use of proton pump inhibitors has been 
found to decrease blood vitamin B43 levels. How- 
ever, vitamin Bız deficiency does not generally 
develop until after at least 3 years of continuous 
therapy.“ Another class of gastric acid inhibitors 
known as H,-receptor antagonists (e.g., cimeti- 
dine, famotidine, ranitidine), often used to treat 
peptic ulcer disease, has also been found to de- 
crease the absorption of vitamin B,2 from food. 
As inhibition of gastric acid secretion is not as 
prolonged as with proton pump inhibitors, 
H,-receptor antagonists have not been found to 


cause overt vitamin B, deficiency even after 
long-term use.* 

Individuals taking drugs that inhibit gastric 
acid secretion should consider taking vitamin B42 
in the form of a supplement because gastric acid 
is not required for its absorption. Other drugs 
found to inhibit vitamin B43 absorption from food 
include cholestyramine (a bile acid-binding resin 
used in the treatment of high cholesterol), chlor- 
amphenicol and neomycin (antibiotics), and col- 
chicine (anti-gout medicine). Metformin, a medi- 
cation for individuals with type 2 diabetes, de- 
creases vitamin Bj, absorption by tying up free 
calcium required for absorption of the IF-B,, 
complex. This effect is correctable by drinking 
milk or taking calcium carbonate tablets along 
with food or supplements.” Previous reports that 
megadoses of vitamin C destroy vitamin B,, have 
not been supported and may have been an arti- 
fact of the assay used to measure vitamin B,, lev- 
els.6 

Nitrous oxide, a commonly used anesthetic, 
inhibits both the vitamin B,,-dependent en- 
zymes and can produce many of the clinical fea- 
tures of vitamin B4 deficiency, such as megalo- 
blastic anemia or neuropathy. As nitrous oxide is 
commonly used for surgery in elderly people, 
some experts feel that vitamin Bız deficiency 
should be ruled out before its use. 

Large doses of folic acid given to an individual 
with an undiagnosed vitamin B,, deficiency 
could correct megaloblastic anemia without cor- 
recting the underlying vitamin By, deficiency, 
leaving the individual at risk of developing irre- 
versible neurological damage.® For this reason 
the FNB advises that all adults limit their intake 
of folic acid (supplements and fortification) to 
1000 ug (1 mg) daily. 


LPI Recommendation 

A varied diet should provide enough vitamin B,, to pre- 
vent deficiency in most individuals aged 50 years and 
younger. Individuals aged over 50, strict vegetarians, 
and women planning to become pregnant should take 
a multivitamin supplement daily or eat a fortified break- 
fast cereal, which would ensure a daily intake of 6-30 ug 
vitamin B, in a form that is easily absorbed. Higher 
doses of vitamin B,, supplements are recommended 
for patients taking medications that interfere with its 
absorption. 
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Older Adults 

As vitamin B,, malabsorption and vitamin By deficien- 
cy are more common in older adults, LPI recommends 
that adults aged over 50 years take 100-400 g/day of 


supplemental vitamin B,, daily. 
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10 Vitamin C 


Vitamin C, also known as ascorbic acid, is a wa- 
ter-soluble vitamin. Unlike most mammals and 
other animals, humans do not have the ability to 
make their own vitamin C, so we must obtain vi- 
tamin C through our diet. 


Function 


Vitamin C is required for the synthesis of colla- 
gen, an important structural component of blood 
vessels, tendons, ligaments, and bone. It also 
plays an important role in the synthesis of the 
neurotransmitter, norepinephrine. Neurotrans- 
mitters are critical to brain function and are 
known to affect mood. In addition, vitamin C is 
required for the synthesis of carnitine, a small 
molecule that is essential for the transport of fat 
into cellular organelles called mitochondria, 
where the fat is converted to energy.! Research 
also suggests that vitamin C is involved in the 
metabolism of cholesterol to bile acids, which 
may have implications for blood cholesterol lev- 
els and the incidence of gallstones. 

Vitamin C is also a highly effective antioxi- 
dant. Even in small amounts vitamin C can pro- 
tect indispensable molecules in the body, such as 
proteins, lipids (fats), carbohydrates, and nucleic 
acids (DNA and RNA), from damage by free radi- 
cals and reactive oxygen species that can be gen- 
erated during normal metabolism as well as 
through exposure to toxins and pollutants (e.g., 
cigarette smoke). Vitamin C may also be able to 
regenerate other antioxidants such as vitamin E.! 
One recent study of cigarette smokers found that 
vitamin C regenerated vitamin E from its oxi- 
dized form.? 


Deficiency 


Scurvy 


Severe vitamin C deficiency has been known for 
many centuries as the potentially fatal disease, 
scurvy. By the late 1700s the British navy were 
aware that scurvy could be cured by eating or- 


anges or lemons, even though vitamin C would 
not be isolated until the early 1930s. Symptoms 
of scurvy include bleeding and bruising easily, 
hair and tooth loss, and joint pain and swelling. 
Such symptoms appear to be related to the weak- 
ening of blood vessels, connective tissue, and 
bone, which all contain collagen. Early symptoms 
of scurvy, such as fatigue, may result from dimin- 
ished levels of carnitine, which is needed to de- 
rive energy from fat, or from decreased synthesis 
of the neurotransmitter norepinephrine. Scurvy 
is rare in developed countries because it can be 
prevented by as little as 10 mg vitamin C daily.4 
However, cases have occurred in children and el- 
derly people on very restricted diets.>° 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) for 
vitamin C was revised in 2000 upward from 
60 mg/day for men and women to 75 mg/day for 
women and 90 mg/day for men (Table 10.1). The 
RDA continues to be based primarily on the pre- 
vention of deficiency disease, rather than the 
prevention of chronic disease and the promotion 
of optimum health. The recommended intake for 
smokers is 35 mg/day higher than for nonsmok- 
ers, because smokers are under increased oxida- 
tive stress from the toxins in cigarette smoke and 
generally have lower blood levels of vitamin C.” 


Disease Prevention 


The amount of vitamin C required to prevent 
chronic disease appears to be more than that re- 
quired for prevention of scurvy. Much of the in- 
formation about vitamin C and the prevention of 
chronic disease is based on prospective studies, 
in which vitamin C intake is assessed in large 
numbers of people who are followed over time to 
determine whether they develop specific chronic 
diseases. 


Table 10.1 Recommended dietary allowance for vitamin C 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Smokers 219 years 
Pregnancy <18 years 
Pregnancy 219 years 
Breast-feeding <18 years 
Breast-feeding 219 years 


Al, adequate intake. 


Cardiovascular Diseases 


Coronary heart disease. Until recently, the re- 
sults of most prospective studies indicated that 
low or deficient intakes of vitamin C were associ- 
ated with an increased risk of cardiovascular dis- 
eases, and that modest dietary intakes of about 
100 mg/day were sufficient for maximal reduc- 
tion of cardiovascular disease risk among non- 
smoking men and women.' A recent meta-analy- 
sis of 14 cohort studies concluded that dietary 
vitamin C intake, but not supplemental vitamin C 
intake, was inversely related to coronary heart 
disease (CHD) risk. Thus, some studies did not 
find significant reductions in CHD risk among vi- 
tamin C supplement users in well-nourished 
populations.°-"! One notable exception was the 
First National Health and Nutrition Examination 
Survey (NHANES I) Epidemiologic Follow-up 
Study.!2 This study found that the risk of death 
from cardiovascular diseases was 42% lower in 
men and 25% lower in women who consumed 
more than 50 mg/day of dietary vitamin C and 
regularly took vitamin C supplements, corre- 
sponding to a total vitamin C intake of about 
300 mg/day.!? Results from the Nurses’ Health 
Study (NHS), based on the follow-up of more 
than 85 000 women over 16 years, also suggested 
that higher vitamin C intakes may be cardiopro- 
tective.'4 In this study, vitamin C intake of more 
than 359 mg/day from diet plus supplements or 
supplement use itself was associated with a 27%- 


Disease Prevention 


Males (mg/day) Females (mg/day) 


40 (Al) 40 (Al) 
50 (Al) 50 (Al) 
15 15 

25 25 

45 45 

75 65 

90 75 
125 110 
- ‘ 80 

= 85 

= 115 

- 120 


28% reduction in CHD risk. However, in those 
women who did not take vitamin C supplements, 
dietary vitamin C intake was not significantly as- 
sociated with CHD risk. Hence, both the NHANES I 
Epidemiologic Follow-up Study!?!3 and the 
NHS" do not support the conclusions of the 
above-mentioned meta-analysis.’ 

Another pooled analysis of nine prospective 
cohort studies, including more than 290000 
adults who were free of CHD at baseline and fol- 
lowed for an average of 10 years, found that those 
who took more than 700 mg/day of supplemen- 
tal vitamin C had a 25% lower risk of CHD than 
those who did not take vitamin C supplements.!° 
In addition, a randomized, double-blind, placebo- 
controlled trial in more than 14000 older men 
participating in the Physicians’ Health Study 
(PHS) II found that vitamin C supplementation 
(500 mg/day) for an average of 8 years had no sig- 
nificant effect on major cardiovascular events, 
total myocardial infarction, or cardiovascular 
mortality.!® However, this study had several limi- 
tations.!” Data from pharmacokinetic studies of 
vitamin C at the National Institutes of Health 
(NIH) indicate that plasma and circulating cells— 
and thus, presumably, total body pool—in 
healthy, young individuals reach near maximal 
concentrations of vitamin C at a dose of about 
400 mg/day.'® Therefore, the results of the pooled 
analysis of prospective cohort studies as well as 
individual, large prospective studies, such as the 
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NHANES | Epidemiologic Follow-up Study!%13 


and the NHS,'* together with pharmacokinetic: 


data of vitamin C in humans,'® suggest that max- 
imal reduction of CHD risk may require vitamin C 
intakes of 400 mg/day or more.!? 


Stroke. With respect to vitamin C and cerebro- 
vascular disease, a prospective study that fol- 
lowed more than 2000 residents of a rural Japa- 
nese community for 20 years found that the risk 
of stroke in those with the highest serum levels 
of vitamin C was 29% lower than in those with 
the lowest serum levels of vitamin C.2° In addi- 
tion, the risk of stroke in those who consumed 
vegetables 6-7 days of the week was 54% lower 
than in those who consumed vegetables 0-2 days 
of the week. In this population, serum levels of 
vitamin C were highly correlated with fruit and 
vegetable intake. Therefore, as in many studies of 
vitamin C intake and chronic disease risk, it is dif- 
ficult to separate the effects of vitamin C on 
stroke risk from the effects of other components 
of fruit and vegetables, emphasizing the benefits 
of a diet rich in fruit and vegetables in reducing 
stroke risk. Hence, plasma vitamin C levels may 
be a good biomarker for fruit and vegetable in- 
take and other lifestyle factors that contribute to 
a reduced risk of stroke. A recent 10-year pro- 
spective study in 20649 adults found that those 
in the top quartile (one-fourth) of plasma vita- 
min C concentrations had a 42% lower risk of 
stroke compared with those in the lowest quar- 
tile?! A randomized, double-blind, placebo-con- 
trolled trial in more than 14000 older men par- 
ticipating in the PHS II found that vitamin C sup- 
plementation (500 mg/day) for an average of 8 
years had no significant effect on stroke death, 
ischemic stroke, or hemorrhagic stroke.!® How- 
ever, this study had numerous limitations that 
make it difficult to draw conclusions for the gen- 
eral population.!’ 


Cancer 


A large number of studies have shown that in- 
creased consumption of fresh fruit and vegeta- 
bles is associated with a reduced risk for most 
types of cancer.*? Such studies were the basis for 
dietary guidelines endorsed by the US Depart- 
ment of Agriculture and the National Cancer In- 
stitute, which recommended at least five serv- 
ings of fruit and vegetables per day. US govern- 


ment organizations currently recommend eating 
a variety of fruit and vegetables daily; the recom- 
mended number of servings depends on total 
caloric intake, which is governed by age, gender, 
body composition, and physical activity level. A 
number of case-control studies have investig- 
ated the role of vitamin C in cancer prevention. 
Most have shown that higher intakes of vitamin C 
are associated with decreased incidence of can- 
cers of the mouth, throat and vocal folds, esopha- 
gus, stomach, colon-rectum, and lung. As the 
possibility of bias is greater in case-control stud- 
ies, prospective cohort studies are generally 
given more weight when evaluating the effect of 
nutrient intake on disease. In general, prospec 
tive studies in which the lowest intake group 
consumed more than 86 mg vitamin C daily have 
not found differences in cancer risk, whereas 
studies finding significant cancer risk reductions 
found them in people consuming at least 80- 
110 mg vitamin C daily.! 

A prospective study that followed 870 men 
over a period of 25 years found that those who 
consumed more than 83 mg vitamin C daily had a 
striking 64% reduction in lung cancer compared 
with those who consumed less than 63 mg/day.4 
However, a pooled analysis of eight prospective 
studies concluded that dietary vitamin C was not 
related to lung cancer when the analysis was 
controlled for other dietary factors. Although 
most large prospective studies observed no asso- 
ciation between breast cancer and vitamin C in- 
take, two studies found dietary vitamin C intake 
to be inversely associated with breast cancer risk 
in certain subgroups. In the NHS, premenopausal 
women with a family history of breast cancer 
who consumed an average of 205 mg/day of vita- 
min C from foods had a 63% lower risk of breast 
cancer than those who consumed an average of 
70 mg/day.*° In the Swedish Mammography Co- 
hort, overweight women who consumed an aver- 
age of 110 mg/day of vitamin C had a 39% lower 
risk of breast cancer compared with overweight 
women who consumed an average of 31mg/ 
day.” 

A number of observational studies have found 
increased dietary vitamin C intake to be associ- 
ated with decreased risk of stomach cancer, and 
laboratory experiments indicate that vitamin C 
inhibits the formation of carcinogenic com- 
pounds in the stomach.?829 Infection with the 
bacterium Helicobacter pylori is known to in- 


crease the risk of stomach cancer and also ap- 
pears to lower the vitamin C content of stomach 
secretions. Although two intervention studies 
did not find a decrease in the occurrence of stom- 
ach cancer with vitamin C supplementation,’ 
more recent research suggests that vitamin C 
supplementation may be a useful addition to 
standard H. pylori eradication therapy in reduc 
ing the risk of gastric cancer2°3! Another inter- 
vention trial, a randomized, double-blind, placebo- 
controlled trial in more than 14000 older men 
participating in the PHS II, reported that vitamin 
C supplementation (500 mg/day) for an average 
of 8 years had no significant effect on total cancer 
or site-specific cancers, including colorectal, 
lung, and prostate cancer.?2 


Cataracts 


Cataracts are a leading cause of visual impair- 
ment throughout the world. In the United States, 
cataract-related expenditures are estimated to 
exceed US $3 billion annually.” Cataracts occur 
more frequently and become more severe as peo- 
ple age. Decreased vitamin C levels in the lens of 
the eye have been associated with increased se- 
verity of cataracts in humans. Some, but not all, 
studies have observed increased dietary vitamin 
C intake3435 and increased blood levels of vita- 
min C3637 to be associated with decreased risk of 
cataracts. In general, those studies that have 
found a relationship suggest that vitamin C in- 
take may have to be higher than 300 mg/day for a 
number of years before a protective effect can be 
detected.! A 7-year controlled intervention trial 
in 4629 men and women found that a daily anti- 
oxidant supplement containing 500 mg vitamin 
C, 400 IU vitamin E, and 15 mg B-carotene had no 
effect on the development and progression of 
age-related cataracts compared with a placebo.*8 
Therefore, the relationship between vitamin C in- 
take and the development of cataracts requires 
further clarification before specific recommenda- 
tions can be made. 


Gout 


Gout, a condition that afflicts more than 1% of US 
adults, is characterized by abnormally high blood 
levels of uric acid (urate).29 Urate crystals may 
form in joints, resulting in inflammation and 
pain, as well as in the kidneys and urinary tract, 
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resulting in kidney stones. The tendency to de- 
velop elevated blood uric acid levels and gout is 
often inherited; however, dietary and lifestyle 
modification may be helpful in both the preven- 
tion and the treatment of gout.?° In an observa- 
tional study that included 1387 men, higher in- 
takes of vitamin C were associated with lower 
serum levels of uric acid.*! More recently, a pro- 
spective study that followed a cohort of 46994 
men for 20 years found that total daily vitamin C 
intake was inversely associated with risk of gout, 
with higher intakes being associated with greater 
risk reductions.” The results of this study also 
indicate that supplemental vitamin C may be 
helpful in the prevention of gout. Interestingly, 
a randomized, double-blind, placebo-controlled 
trial in 184 adult nonsmokers reported that vita- 
min C supplementation (500 mg/day) for two 
months lowered serum concentrations of uric 
acid compared with placebo.*? 


Lead Toxicity 


Although the use of lead paint and leaded gaso- 
line has been discontinued in the United States, 
lead toxicity continues to be a significant health 
problem, especially in children living in urban 
areas. Abnormal growth and development have 
been observed in infants of women exposed to 
lead during pregnancy, while children who are 
chronically exposed to lead are more likely to de- 
velop learning disabilities, behavioral problems, 
and to have a low IQ. In adults, lead toxicity may 
result in kidney damage, high blood pressure, 
and anemia. In a study of 747 older men, blood 
lead levels were significantly higher in those who 
reported total dietary vitamin C intakes averag- 
ing <109 mg/day compared with those who re- 
ported higher vitamin C intakes.” A much larger 
study of 19578 people, including 4214 children 
aged from 6 years to 16 years, found higher se- 
rum vitamin C levels to be associated with sig- 
nificantly lower blood lead levels.*° A US national 
survey of more than 10000 adults found that 
blood lead levels were inversely related to serum 
vitamin C levels.*6 

An intervention trial that examined the ef- 
fects of vitamin C supplementation on blood lead 
levels in 75 adult male smokers found that 
1000 mg/day of vitamin C resulted in significant- 
ly lower blood lead levels over a 4-week treat- 
ment period compared with placebo.“ A lower 
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dose of 200 mg/day did not significantly affect 
blood lead levels, despite the finding that serum 
vitamin C levels were no different than those in 
the group who took 1000 mg/day. The mecha- 
nism for the relationship between vitamin C in- 
take and blood lead levels is not known, although 
it has been postulated that vitamin C may inhibit 
intestinal absorption or enhance urinary excre- 
tion of lead. 


Role in Immunity 


Vitamin C affects several components of the hu- 
man immune system, for example, vitamin C has 
been shown to stimulate both the production48-52 
and the function®?*4 of leukocytes (white blood 
cells), especially neutrophils, lymphocytes, and 
phagocytes. Specific measures of functions stim- 
ulated by vitamin C include cellular motility,>4 
chemotaxis,>?>4 and phagocytosis.” Neutrophils, 
which attack foreign bacteria and viruses, seem 
to be the primary cell type stimulated by vita- 
min C, but lymphocytes and other phagocytes are 
also affected.” In addition, several studies have 
shown that supplemental vitamin C increases se- 
rum levels of antibodies*®°’? and C1q comple- 
ment proteins>®-® in guinea pigs, which—similar 
to humans—cannot synthesize vitamin C and 
hence depend on dietary vitamin C. However, 
some studies have reported no beneficial 
changes in leukocyte production or function 
with vitamin C treatment.®'~*4 Vitamin C may 
also protect the integrity of immune cells. Neu- 
trophils, mononuclear phagocytes, and lympho- 
cytes accumulate vitamin C to high concentra- 
tions, which can protect these cell types from 
oxidative damage.**®.65 In response to invading 
microorganisms, phagocytic leukocytes release 
nonspecific toxins, such as superoxide radicals, 
hypochlorous acid (“bleach”), and peroxynitrite; 
these reactive oxygen species kill pathogens and, 
in the process, can damage the leukocytes them- 
selves.5” Vitamin C, through its antioxidant func 
tions, has been shown to protect leukocytes from 
such effects of autooxidation.®* Phagocytic leuko- 
cytes also produce and release cytokines, includ- 
ing interferons, which have antiviral activity.®° 
Vitamin C has been shown to increase interferon 
levels in vitro.” 

It is widely thought by the general public that 
vitamin C boosts the function of the immune sys- 
tem and, accordingly, may protect against viral 


infections and perhaps other diseases. Although 
some studies suggest the biological plausibility 
of vitamin C as an immune enhancer, human 
studies published to date are conflicting. Further, 
controlled clinical trials of appropriate statistical 
power would be necessary to determine if sup- 
plemental vitamin C boosts the immune system. 
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Cardiovascular Diseases 


Vasodilation. The ability of blood vessels to relax 
or dilate (vasodilation) is compromised in indi- 
viduals with atherosclerosis. Damage to the heart 
muscle caused by a heart attack and damage to 
the brain caused by a stroke are related, in part, 
to the inability of blood vessels to dilate enough 
to allow blood flow to the affected areas. The pain 
of angina pectoris is also related to insufficient 
dilation of the coronary arteries. Impaired vaso- 
dilation has been identified as an independent 
risk factor for cardiovascular disease.” Many 
randomized, double-blind, placebo-controlled 
studies have shown that treatment with vita- 
min C consistently results in improved vasodila- 
tion in individuals with CHD as well as in those 
with angina pectoris, congestive heart failure, 
diabetes, high cholesterol, and high blood pres- 
sure.!,72-74 Improved vasodilation has been dem- 
onstrated at an oral dose of 500 mg vitamin C 
daily.” 


Hypertension. Individuals with high blood pres- 
sure (hypertension) are at increased risk of devel- 
oping cardiovascular diseases. Several, but not 
all, studies have demonstrated a blood pressure- 
lowering effect of vitamin C supplementation.” 
A small study in individuals with hypertension 
found that vitamin C supplementation with 
500 mg/day for 6 weeks slightly decreased sys- 
tolic blood pressure (1.8 mmHg reduction) com- 
pared with a placebo.’ Another study in indi- 
viduals with elevated blood pressure found that a 
daily supplement of 500 mg vitamin C resulted in 
an average drop in systolic blood pressure of 9% 
after 4 weeks.” It should be noted that those par- 
ticipants who were taking antihypertensive 
medications continued taking them throughout 
the 4-week study. As the findings with regard to 
vitamin C and high blood pressure have not yet 
been replicated in larger studies, it is important 


for individuals with significantly elevated blood 
pressure to continue current therapy (medica- 
tion, lifestyle changes, etc.) in consultation with 
their health-care provider. 


Cancer 


Studies in the 1970s and 1980s conducted by 
Linus Pauling, Ewan Cameron, and colleagues 
suggested that very large doses of vitamin C 
(10 g/day intravenously for 10 days followed by at 
least 10 g/day orally indefinitely) were helpful in 
increasing the survival time and improving the 
quality of life of terminal cancer patients.’ How- 
ever, two randomized placebo-controlled studies 
conducted at the Mayo Clinic found no differ- 
ences in outcome between terminal cancer pa- 
tients receiving 10 g/day of vitamin C orally or 
placebo.’9*° There were significant methodologi- 
cal differences between the Mayo Clinic and 
Pauling’s studies, and recently, researchers from 
the NIH suggested that the route of administra- 
tion (intravenous versus oral) may have been the 
key to the discrepant results. Intravenous admin- 
istration can result in much higher blood levels of 
vitamin C than oral administration, and vitamin 
C levels that are toxic to cancer cells in culture 
can be achieved in humans only with intrave- 
nous but not oral administration of vitamin C.*! 
Mark Levine and his colleagues at NIH have in- 
vestigated the anticancer mechanism responsi- 
ble for vitamin C and reported that it involves 
production of hydrogen peroxide, which is selec 
tively toxic to cancer cells.82-84 Thus, it appears 
reasonable to re-evaluate the use of high-dose 
vitamin C as adjunctive cancer therapy. 
Currently, there are no results from controlled 
clinical trials indicating that vitamin C would ad- 
versely affect the survival of cancer patients. Re- 
cently, two phase | clinical trials in patients with 
advanced cancer found that intravenous admin- 
istration of vitamin C at doses up to 1.5 g/kg body 
weight was well tolerated and safe in prescreened 
patients;8586 other phase | trials are ongoing.*’ In 
addition, phase ll clinical trials evaluating the ef- 
ficacy of vitamin C in cancer treatment are cur- 
rently under way.®’” Some case reports have sug- 
gested that intravenous vitamin C may aid in 
cancer treatment.8889 However, vitamin C should 
not be used in place of therapy that has been 
demonstrated to be effective in the treatment of 
a particular type of cancer, for example, chemo- 
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therapy or radiotherapy. If an individual with 
cancer chooses to take vitamin supplements, it is 
important that the clinician coordinating his or 
her treatment is aware of the type and dose of 
each supplement. Although research is under 
way to determine whether combinations of anti- 
oxidant vitamins might be beneficial as an ad- 
junct to conventional cancer therapy, definitive 
conclusions are not yet possible.%° 


Diabetes Mellitus 


Cardiovascular diseases (heart disease and 
stroke) are the leading cause of death in individ- 
uals with diabetes. Evidence that diabetes is a 
condition of increased oxidative stress led to the 
hypothesis that higher intakes of antioxidant nu- 
trients could help decrease cardiovascular dis- 
ease risk in diabetic individuals. In support of 
this hypothesis, a 16-year study of 85000 
women, 2% of whom were diabetic, found that 
vitamin C supplement use (400 mg/day or more) 
was associated with significant reductions in the 
risk of fatal and nonfatal CHD in the entire cohort 
as well as in those with diabetes.'4 In contrast, a 
15-year study of postmenopausal women found 
that diabetic women who reported taking at least 
300 mg/day of vitamin C from supplements 
when the study began were at significantly high- 
er risk of death from CHD and stroke than those 
who did not take vitamin C supplements.?! Vita- 
min C supplement use was not associated with a 
significant increase in cardiovascular disease 
mortality in the cohort as a whole. Although a 
number of observational studies have found that 
higher dietary intakes of vitamin C are associated 
with lower cardiovascular disease risk, random- 
ized controlled trials have not found antioxidant 
supplementation that included vitamin C to re- 
duce the risk of cardiovascular disease in diabetic 
or other high-risk individuals.22 

It is possible that genetic differences may in- 
fluence the effect of vitamin C supplementation 
on cardiovascular disease. When the results of 
one randomized controlled trial were reanalyzed 
based on haptoglobin genotype, antioxidant 
therapy (1000 mg/day of vitamin C + 800IU/day 
of vitamin E) was associated with improvement 
of coronary atherosclerosis in diabetic women 
with two copies of the haptoglobin 1 gene but 
worsening of coronary atherosclerosis in those 
with two copies of the haptoglobin 2 gene. The 
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significance of these findings is not entirely clear, 
but they suggest that there may be a subpopula- 
tion of people with diabetes who will benefit 
from antioxidant therapy, whereas others may 
not benefit or could actually be harmed. 


Common Cold 


The work of Linus Pauling stimulated public in- 
terest in the use of large doses (> 1 g/day, also 
sometimes called mega-doses) of vitamin C to 
prevent the common cold.” In the past 30 years, 
numerous placebo-controlled trials have exam- 
ined the effect of vitamin C supplementation on 
the prevention and treatment of colds. A meta- 
analysis of 30 placebo-controlled prevention tri- 
als found that vitamin C supplementation in 
doses up to 2¢g/day did not decrease the inci- 
dence of colds.” However, in a subgroup of mara- 
thon runners, skiers, and soldiers training in the 
Arctic, doses ranging from 250 mg/day to 1 g/day 
decreased the incidence of colds by 50%. Overall, 
the preventive use of vitamin C supplementation 
reduced the duration of colds by about 8% in 
adults and 14% in children. Most of the preven- 
tion trials used a dose of 1 g/day. When treat- 
ment was started at the onset of symptoms, vita- 
min C supplementation did not shorten the dura- 
tion of colds in seven placebo-controlled trials at 
doses ranging from 1 g/day to 4 g/day. In addition, 
the same authors completed a meta-analysis of 
the 15 trials that assessed the effect of vitamin C 
on cold severity, in which no consistent evidence 
that vitamin C was beneficial in ameliorating 
cold symptoms was found. Thus, the overall con- 
clusion of this meta-analysis was that vitamin C 
is ineffective as a prophylactic against the com- 
mon cold, but individuals under stress, such as 
those exposed to strenuous physical exercise or 
cold weather, may experience some therapeutic 
benefit.” More recently, a randomized, double- 
blind (but not placebo-controlled) study report- 
ed that those who took 500 mg/day of supple- 
mental vitamin C had a 66% lower risk for con- 
tracting three or more colds in a 5-year period 
compared with those who took 50mg/day of 
supplemental vitamin C.” The authors of this 
study did not find any significant differences in 
the two groups when analyzing data about cold 
severity or duration. However, the doses used in 
this study were smaller than those used in most 
of the previous studies. 


Some authors have asserted that the studies 
included in the above-mentioned meta-analy- 
sis®® utilized daily doses of vitamin C that would 
be too low to observe a therapeutic benefit.” In 
addition, results of a recent pharmacokinetic 
study suggest that dividing the daily dose and ad- 
ministering it several times throughout the day, 
thereby increasing dose frequency, would better 
sustain plasma ascorbate levels.®! Large-scale, 
controlled clinical trials using pharmacological 
doses of vitamin C are necessary to determine 
whether or not higher doses of vitamin C have 
any therapeutic value in preventing or treating 
the common cold. 


Sources 


Food Sources 


As shown in Table 10.2, different fruits and veg- 
etables vary in their vitamin C content,!°° but five 
servings (2% cups) of fruit and vegetables should 
average out to about 200 mg vitamin C. 


Supplements 


Vitamin C (t-ascorbic acid) is available in many 
forms, but there is little scientific evidence that 
any one form is better absorbed or more effective 
than another. Most experimental and clinical re- 
search uses ascorbic acid or sodium ascorbate. 


Table 10.2 Food sources of vitamin C 


Food Serving Vitamin C (mg) 

Sweet red Y cup, 95 

pepper raw chopped 

Orange juice 34 cup 62-93 
(6 ounces) 

Strawberries 1 cup, whole 85 

Orange 1 medium 70 

Grapefruit juice 3⁄4 cup 62-70 
(6 ounces) 

Broccoli y2 cup, cooked 51 

Grapefruit v2 medium 38 

Potato 1 medium, 17 
baked 

Tomato 1 medium 16 


Safety 


Natural versus synthetic vitamin C. Natural and 
synthetic L-ascorbic acid are chemically identical 
and there are no known differences in their bio- 
logical activities or bioavailabilities.!% 


Mineral ascorbates. Mineral salts of ascorbic 
acid are buffered and, therefore, less acidic than 
ascorbic acid. Some people find them less irritat- 
ing to the gastrointestinal tract than ascorbic 
acid. Sodium ascorbate and calcium ascorbate 
are the most common forms, although a number 
of other mineral ascorbates are available. Sodium 
ascorbate provides 111 mg of sodium (889 mg of 
ascorbic acid) per 1000 mg of sodium ascorbate, 
and calcium ascorbate generally provides 90- 
110 mg of calcium (890-910 mg of ascorbic acid) 
per 1000 mg of calcium ascorbate. 


Vitamin C with bioflavonoids. Bioflavonoids are 
a class of water-soluble plant pigments that are 
often found in vitamin Crich fruit and vegeta- 
bles, especially citrus fruits. There is little evi- 
dence that the bioflavonoids in most commercial 
preparations increase the bioavailability or effi- 
cacy of vitamin C.'°* Studies in cell culture indi- 
cate that a number of flavonoids inhibit the 
transport of vitamin C into cells,!°?-!% and sup- 
plementation of rats with quercetin and vitamin 
C decreased the intestinal absorption of vitamin 
C.1°3 More research is needed to determine the 
significance of these findings in humans. 


Ascorbate and vitamin C metabolites. One sup- 
plement, Ester-C, contains mainly calcium ascor- 
bate, but also contains small amounts of the vita- 
min C metabolites dehydroascorbate (oxidized 
ascorbic acid), calcium threonate, and trace levels 
of xylonate and lyxonate. Although the metabo- 
lites are supposed to increase the bioavailability 
of vitamin C, the only published study in humans 
addressing this issue found no difference be- 
tween Ester-C and commercially available ascor- 
bic acid tablets with respect to the absorption 
and urinary excretion of vitamin C.! 


Ascorbyl palmitate. Ascorbyl palmitate is actu- 
ally a vitamin C ester (i.e., vitamin C that has been 
esterified to a fatty acid). In this case, vitamin C is 
esterified to the saturated fatty acid palmitic 
acid, resulting in a fat-soluble form of vitamin C. 
Ascorbyl palmitate has been added to a number 
of skin creams due to interest in its antioxidant 


properties as well as its importance in collagen 
synthesis.'°° Although ascorbyl palmitate is also 
available as an oral supplement, it is likely that 
most of it is hydrolyzed (broken apart) to ascor- 
bic acid and palmitic acid in the digestive tract 
before it is absorbed. 197 


Safety 
Toxicity 


A number of possible problems with very large 
doses of vitamin C have been suggested, mainly 
based on in vitro experiments or isolated case re- 
ports, including genetic mutations, birth defects, 
cancer, atherosclerosis, kidney stones, “rebound 
scurvy,” increased oxidative stress, excess iron 
absorption, vitamin B43 deficiency, and erosion of 
dental enamel. However, none of these alleged 
adverse health effects has been confirmed, and 
there is no reliable scientific evidence that large 
amounts of vitamin C (up to 10 g/day in adults) 
are toxic or detrimental to health. With the latest 
RDA published in 2000, a tolerable upper intake 
level (UL) for vitamin C was set for the first time 
(Table 10.3). A UL of 2 g (2000 mg) daily was rec 
ommended in order to prevent most adults from 
experiencing diarrhea and gastrointestinal dis- 
turbances.’ Such symptoms are not generally se- 
rious, especially if they resolve with temporary 
discontinuation or reduction of high-dose vita- 
min C supplementation. 


Table 10.3 Tolerable upper intake level (UL) for vitamin C 


Life stage Age UL (mg/day) 

Infants 0-12 months Not possible 
to establish? 

Children 1-3 years 400 

Children 4-8 years 650 

Children 9-13 years 1200 

Adolescents 14-18 years 1800 

Adults 219 years 2000 


Source of intake should be from food and formula only. 
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Does Vitamin C Promote Oxidative 
Damage under Physiological 
Conditions? 


Vitamin C is known to function as a highly effec 
tive antioxidant in living organisms. However, in 
test tube experiments, vitamin C can interact 
with some free metal ions to produce potentially 
damaging free radicals. Although free metal ions 
are not generally found under physiological con- 
ditions, the idea that high doses of vitamin C 
might be able to promote oxidative damage in 
vivo has received a great deal of attention. Wide- 
spread publicity has been given to a few studies 
suggesting a prooxidant effect of vitamin C, 108109 
but these studies turned out to be either flawed 
or of no physiological relevance. A comprehensive 
review of the literature found no credible scien- 
tific evidence that supplemental vitamin C pro- 
motes oxidative damage under physiological con- 
ditions or in humans.!!° Studies that report a pro- 
oxidant effect for vitamin C should be evaluated 
carefully to determine whether the study system 
was physiologically relevant and to rule out the 
possibility of methodological and design flaws. 


Kidney Stones 


As oxalate is a metabolite of vitamin C, there is 
some concern that high vitamin C intake could 
increase the risk of oxalate kidney stones. 
Some,!!!1-113 but not all,!14-116 studies have re- 
ported that supplemental vitamin C increases 
urinary oxalate levels. Whether any increase in 
oxalate levels would translate to an elevation in 
risk for kidney stones has been examined in epi- 
demiological studies. Two large prospective 
studies, one following 45251 men for 6 years and 
the other following 85557 women for 14 years, 
reported that consumption of 1500 mg or more 
vitamin C daily did not increase the risk of kidney 
stone formation compared with those consum- 
ing less than 250 mg daily. However, a more re- 
cent prospective study that followed 45619 men 
for 14 years found that those who consumed 
1000 mg/day or more of vitamin C had a 41% 
higher risk of kidney stones compared with men 
consuming less than 90 mg vitamin C daily—the 
current RDA.” In this study, low intakes (90- 
249 mg/day) of vitamin C (primarily from the 
diet) were also associated with a significantly el- 
evated risk. Supplemental vitamin C intake was 


only weakly associated with increased risk of 
kidney stones.''” Despite conflicting results, it 
may be prudent for individuals predisposed to 
oxalate kidney stone formation to avoid high- 
dose vitamin C supplementation. 


Drug Interactions 


A number of drugs are known to lower vitamin C 
levels, requiring an increase in its intake. Estro- 
gen-containing contraceptives (birth control 
pills) are known to lower vitamin C levels in plas- 
ma and white blood cells. Aspirin can lower vita- 
min C levels if taken frequently, e.g., taking two 
aspirin tablets every 6 hours for a week has been 
reported to lower vitamin C levels in white blood 
cells by 50%, primarily by increasing urinary ex- 
cretion of vitamin C.118 

There is some evidence, although controver- 
sial, that vitamin C interacts with anticoagulant 
medications (blood thinners) such as warfarin 
(Coumadin). Large doses of vitamin C may block 
the action of warfarin, requiring an increase in 
dose to maintain its effectiveness. Individuals on 
anticoagulants should limit their vitamin C in- 
take to 1 g/day and have their prothrombin time 
monitored by the clinician after their anticoagu- 
lant therapy. As high doses of vitamin C have also 
been found to interfere with the interpretation of 
certain laboratory tests (e.g., serum bilirubin, se- 
rum creatinine, and the guaiac assay for occult 
blood), it is important to inform one’s health- 
care provider of any recent supplement use.!19 


Antioxidant supplements and HMG-CoA reduc 
tase inhibitors (statins). A 3-year randomized 
controlled trial in 160 patients with documented 
CHD and low high-density lipoprotein (HDL) lev- 
els found that a combination of simvastatin and 
niacin increased HDL2 levels, inhibited the pro- 
gression of coronary artery stenosis (narrowing), 
and decreased the frequency of cardiovascular 
events, such as myocardial infarction (heart at- 
tack) and stroke.!?° Surprisingly, when an anti- 
oxidant combination (1000 mg vitamin C, 800 IU 
a-tocopherol, 100pg selenium, and 25mg 
B-carotene daily) was taken with the simvas- 
tatin-niacin combination, the protective effects 
were diminished. As the antioxidants were taken 
together in this trial, the individual contribution 
of vitamin C cannot be determined. In contrast, a 
much larger randomized controlled trial in more 
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than 20 000 men and women with CHD or diabe- 
tes found that simvastatin and an antioxidant 
combination (600 mg vitamin E, 250 mg vitamin 
C, and 20 mg B-carotene daily) did not diminish 
the cardioprotective effects of simvastatin ther- 
apy Over a 5-year period.!*! These contradictory 
findings indicate that further research is needed 
on potential interactions between antioxidant 
supplements and cholesterol-lowering drugs, 
such as hydroxymethylglutaryl (HMG)-CoA re- 
ductase inhibitors (statins). 


LPI Recommendation 


For healthy men and women, the Linus Pauling Institute 
recommends a vitamin C intake of at least 400mg 
daily. Consuming at least five servings (2% cups) of fruit 
and vegetables daily provides about 200 mg vitamin C. 
Most multivitamin supplements provide 60 mg vitamin 
C. To make sure that you meet the institute's recom- 
mendation, supplemental vitamin C in two separate 
250-mg doses taken in the morning and evening is rec 
ommended. 


Older Adults 

Although it is not yet known with certainty whether 
older adults have higher requirements for vitamin C 
than younger people, some older populations have 
been found to have vitamin C intakes considerably be- 
low the RDA of 75 and 90 mg/day for women and men, 
respectively. A vitamin C intake of at least 400 mg daily 
may be particularly important for older adults who are 
at higher risk for chronic diseases. In addition, a meta- 
analysis of 36 publications examining the relationship 
between vitamin C intake and plasma concentrations of 
vitamin C concluded that older adults (age 60-96 
years) have considerably lower plasma levels of vita- 
min C after a certain intake of vitamin C compared with 
younger individuals (age 15-65 years),'22 suggesting 
that older adults may have higher vitamin C require- 
ments. Studies conducted at the National Institutes of 
Health indicated that plasma and circulating cells in 
healthy, young people attain linear-maximal concentra- 
tions of vitamin C at a dose of about 400 mg/day—much 
higher than the current RDA. Pharmacokinetic studies 
in older adults have not yet been conducted, but evi- 
dence suggests that the efficiency of one of the molecu- 
lar mechanisms for the cellular uptake of vitamin C de- 
clines with age.'2? As maximizing blood levels of vita- 
min C may be important in protection against oxidative 
damage to cells and biological molecules, a vitamin C 
intake of at least 400 mg daily is particularly important 
for older adults who are at higher risk for chronic dis- 
eases caused, in part, by oxidative damage, such as 
heart disease, stroke, certain cancers, and cataract. 
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11 Vitamin D 


Vitamin D is a fat-soluble vitamin that is essential 
for maintaining normal calcium metabolism.! 
Vitamin D; (cholecalciferol) can be synthesized 
by humans in the skin on exposure to ultraviolet 
B (UVB) radiation from sunlight, or it can be ob- 
tained from the diet. Plants synthesize ergos- 
terol, which is converted to vitamin D, (ergocal- 
ciferol) by UV light.2 When exposure to UVB ra- 
diation is insufficient for the synthesis of ade- 
quate amounts of vitamin D; in the skin, adequate 
intake of vitamin D from the diet is essential for 
health. 


Function 


Activation of Vitamin D 


Vitamin D is itself biologically inactive, and it 
must be metabolized to its biologically active 
forms. After it is consumed in the diet or synthe- 
sized in the epidermis of skin, vitamin D enters 
the circulation and is transported to the liver. In 
the liver, vitamin D is hydroxylated to form 
25-hydroxyvitamin D (calcidiol, the major circu- 
lating form of vitamin D). Increased exposure to 
sunlight or increased dietary intake of vitamin D 
increases serum levels of 25-hydroxyvitamin D, 
making the serum concentration a useful indica- 
tor of vitamin D nutritional status. In the kidney, 
the enzyme 25-hydroxyvitamin D3-1-hydroxy- 
lase catalyzes a second hydroxylation of 25-hy- 
droxyvitamin D, resulting in the formation of 
1,25-dihydroxyvitamin D (calcitriol, 10,25- 
dihydroxyvitamin D)—the most potent form of 
vitamin D. Most of the physiological effects of 
vitamin D in the body are related to the activity 
of 1,25-dihydroxyvitamin D. 


Mechanisms of Action 


Most if not all actions of vitamin D are mediated 
through a nuclear transcription factor known as 
the vitamin D receptor (VDR). Upon entering the 
nucleus of a cell, 1,25-dihydroxyvitamin D asso- 
ciates with the VDR and promotes its association 
with the retinoic acid X receptor (RXR). In the 


presence of 1,25-dihydroxyvitamin D the VDR/ 
RXR complex binds small sequences of DNA 
known as vitamin D response elements (VDREs) 
and initiates a cascade of molecular interactions 
that modulate the transcription of specific genes. 
More than 50 genes in tissues throughout the 
body are known to be regulated by 1,25-dihy- 
droxyvitamin D.* 


Calcium Balance 


Maintenance of serum calcium levels within a 
Narrow range is vital for normal functioning of 
the nervous system, as well as for bone growth 
and maintenance of bone density. Vitamin D is 
essential for the efficient utilization of calcium by 
the body.' The parathyroid glands sense serum 
calcium levels and secrete parathyroid hormone 
(PTH) if calcium levels drop too low (Fig. 11.1). 
Elevations in PTH increase the activity of the 
25-hydroxyvitamin D3-1-hydroxylase enzyme in 
the kidney, resulting in increased production of 
1,25-dihydroxyvitamin D. This increased pro- 
duction in turn results in changes in gene expres- 
sion that normalize serum calcium by: 
e increasing the intestinal absorption of dietary 
calcium 
e increasing the reabsorption of calcium filtered 
by the kidneys 
e mobilizing calcium from bone when there is 
insufficient dietary calcium to maintain nor- 
mal serum calcium levels. 


PTH and 1,25-dihydroxyvitamin D are required 
for these last two effects.” 


Cell Differentiation 


Cells that are dividing rapidly are said to be pro- 
liferating. Differentiation results in the special- 
ization of cells for specific functions. In general, 
differentiation of cells leads to a decrease in pro- 
liferation. Although cellular proliferation is es- 
sential for growth and wound healing, uncon- 
trolled proliferation of cells with certain muta- 
tions may lead to diseases such as cancer. The 
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Fig. 11.1 The vitamin D endocrine system. Calcium-sens- 
ing proteins in the parathyroid glands sense serum calci- 
um levels. In response to slight declines in serum calcium, 
the parathyroid glands secrete parathyroid hormone 
(PTH). PTH stimulates the activity of the 1-hydroxylase 
enzyme in the kidney, resulting in increased production of 
calcitriol, the biologically active form of vitamin D. Cal- 
citriol acts to restore normal serum calcium levels in three 


active form of vitamin D, 1,25-dihydroxyvita- 
min D, inhibits proliferation and stimulates the 
differentiation of cells.! 


Immunity 


Vitamin D in the form of 1,25-dihydroxyvitamin 
D is a potent immune system modulator. The 
VDR is expressed by most cells of the immune 
system, including T cells and antigen-presenting 
cells, such as dendritic cells and macrophages.§ 
Under some circumstances, macrophages also 
produce 25-hydroxyvitamin Ds;-1-hydroxylase 
which converts 25-hydroxyvitamin D to 1,25-di- 
hydroxyvitamin D.’ There is considerable scien- 
tific evidence that 1,25-dihydroxyvitamin D has 
a variety of effects on immune system function, 
which may enhance innate immunity and inhibit 
the development of autoimmunity.® 


increases absorption 
of dietary calcium 


ways: (1) by activating the vitamin D-dependent trans- 
port system in the small intestine, increasing the absorp- 
tion of dietary calcium; (2) by increasing the mobilization 
of calcium from bone into the circulation; and (3) by in- 
creasing the reabsorption of calcium by the kidneys. PTH 
is also required to increase bone calcium mobilization and 
calcium reabsorption by the kidneys. 


Insulin Secretion 


The VDR is expressed by insulin-secreting cells of 
the pancreas, and the results of animal studies 
suggest that 1,25-dihydroxyvitamin D plays a 
role in insulin secretion under conditions of in- 
creased insulin demand.’ Limited data in humans 
suggest that insufficient vitamin D levels may 
have an adverse effect on insulin secretion and 
glucose tolerance in type 2 diabetes.!°1!2 


Blood Pressure Regulation 


The renin-angiotensin system plays an impor- 
tant role in the regulation of blood pressure.'3 
Renin is an enzyme that catalyzes the cleavage 
(splitting) of a small peptide (angiotensin 1) from 
a larger protein (angiotensinogen) produced in 
the liver. Angiotensin-converting enzyme (ACE) 
catalyzes the cleavage of angiotensin I to angio- 
tensin Il, a peptide that can increase blood pres- 


Deficiency 


a l_a aaa aaa 


sure by inducing the constriction of small arter- 
ies and increasing sodium and water retention. 
The rate of angiotensin II synthesis is dependent 
on renin.'* Research in mice lacking the gene en- 
coding the VDR indicates that 1,25-dihydroxyvi- 
tamin D decreases the expression of the gene 
encoding renin through its interaction with the 
VDR.'° As inappropriate activation of the renin- 
angiotensin system is thought to play a role in 
some forms of human hypertension, adequate 
vitamin D levels may be important for decreasing 
the risk of high blood pressure. 


Deficiency 


In vitamin D deficiency, calcium absorption can- 
not be increased enough to satisfy the body's cal- 
cium needs.? Consequently, PTH production by 
the parathyroid glands is increased and calcium 
is mobilized from the skeleton to maintain nor- 
mal serum calcium levels—a condition known as 
secondary hyperparathyroidism. Although it has 
long been known that severe vitamin D defi- 
ciency has serious consequences for bone health, 
recent research suggests that less obvious states 
of vitamin D deficiency are common and increase 
the risk of osteoporosis and other health prob- 
lems.1617 


Severe Vitamin D Deficiency 


Rickets. In infants and children, severe vitamin D 
deficiency results in the failure of bone to miner- 
alize. Rapidly growing bones are most severely 
affected by rickets. The growth plates of bones 
continue to enlarge, but, in the absence of ade- 
quate mineralization, weight-bearing limbs 
(arms and legs) become bowed. In infants, rickets 
may result in delayed closure of the fontanel (soft 
spot) in the skull, and the ribcage may become 
deformed due to the pulling action of the dia- 
phragm. In severe cases, low serum calcium lev- 
els (hypocalcemia) may cause seizures. Although 
fortification of foods has led to complacency 
about vitamin D deficiency, nutritional rickets is 
still being reported in cities throughout the 
world.18.19 


Osteomalacia. Although adult bones are no lon- 
ger growing, they are in a constant state of turn- 
over, or “remodeling.” In adults with severe vita- 


min D deficiency, the collagenous bone matrix is 
preserved but bone mineral is progressively lost, 
resulting in bone pain and osteomalacia (soft 
bones). 


Muscle weakness and pain. Vitamin D deficiency 
causes muscle weakness and pain in children and 
adults. Muscle pain and weakness were promi- 
nent symptoms of vitamin D deficiency in a study 
of Arab and Danish Moslem women living in 
Denmark. In a cross-sectional study of 150 con- 
secutive patients referred to a clinic in Minnesota 
for the evaluation of persistent, nonspecific, 
musculoskeletal pain, 93% had serum 25-hy- 
droxyvitamin D levels indicative of vitamin D de- 
ficiency.2! A randomized controlled trial found 
that supplementation of elderly women with 
800 IU/day of vitamin D and 1200 mg/day of cal- 
cium for 3 months increased muscle strength 
and decreased the risk of falling by almost 50% 
compared with supplementation with calcium 
alone.” More recently, a randomized controlled 
trial in 124 nursing home residents (average age 
89 years) found that those taking 8001U/day of 
supplemental vitamin D had a 72% lower fall rate 
than those taking a placebo.”3 


Risk Factors for Vitamin D 
Deficiency 


Exclusively breast-fed infants. Infants who are 
exclusively breast-fed and do not receive vitamin 
D supplementation are at high risk of vitamin D 
deficiency, particularly if they have dark skin 
and/or receive little sun exposure.'9 Human milk 
generally provides 25IU vitamin D per liter, 
which is not enough for an infant if it is the sole 
source of vitamin D. Older infants and toddlers 
exclusively fed milk substitutes and weaning 
foods that are not vitamin D fortified are also at 
risk of vitamin D deficiency.!8 The American 
Academy of Pediatrics recommends that all 
breast-fed and partially breast-fed infants be 
given a vitamin D supplement of 400 IU/day.'9 


Dark skin. People with dark-colored skin synthe- 
size less vitamin D on exposure to sunlight than 
those with light-colored skin.’ The risk of vita- 
min D deficiency is particularly high in dark- 
skinned people who live far from the equator. 
One US study reported that 42% of African- 
American women aged between 15 and 49 years 


85 


86 


11 Vitamin D 


were vitamin D deficient compared with 4% of 
white women.?4 


Elderly people. Elderly people have a reduced ca- 
pacity to synthesize vitamin D in skin when ex- 
posed to UVB radiation, and they are more likely 
to stay indoors or use sunscreen, which blocks 
vitamin D synthesis. Institutionalized adults who 
are not supplemented with vitamin D are at ex- 
tremely high risk of vitamin D deficiency.2>° 


Covering all exposed skin or using sunscreen 
whenever outside. Osteomalacia has been docu- 
mented in women who cover all their skin when- 
ever they are outside for religious or cultural rea- 
sons.”’?8 The application of sunscreen with an 
SPF factor of 8 reduces production of vitamin D 
by 95%.! 


Fat malabsorption syndromes. Cystic fibrosis 
and cholestatic liver disease impair the absorp- 
tion of dietary vitamin D.?9 


Inflammatory bowel disease. People with an in- 
flammatory bowel disease such as Crohn disease 
appear to be at increased risk of vitamin D defi- 
ciency, especially those who have had small 
bowel resections.2° 


Obesity. Obesity increases the risk of vitamin D 
deficiency.’ Once vitamin D is synthesized in the 
skin or ingested, it is deposited in body fat stores, 
making it less bioavailable to people with large 
stores of body fat. 


Assessing Vitamin D Nutritional 
Status 


Growing awareness that vitamin D insufficiency 
has serious health consequences beyond rickets 
and osteomalacia highlights the need for accu- 
rate assessment of vitamin D nutritional status. 
Although there is general agreement that serum 
25-hydroxyvitamin D level is the best indicator of 
vitamin D deficiency and sufficiency, the cutoff 
values have not been clearly defined.'® While 
laboratory reference ranges for serum 25-hy- 
droxyvitamin D levels are often based on average 
values from populations of healthy individuals, 
recent research suggests that health-based cutoff 
values aimed at preventing secondary hyper- 
parathyroidism and bone loss should be consid- 


erably higher. In general, serum 25-hydroxyvita- 
min D values less than 20-25 nmol/L (8-10 ng/ 
mL) indicate severe deficiency associated with 
rickets and osteomalacia.'®18 Although 50 nmol/L 
(20 ng/mL) has been suggested as the low end of 
the normal range,?? more recent research sug- 
gests that PTH levels?#34 and calcium absorp- 
tion are not optimized until serum 25-hy- 
droxyvitamin D levels reach approximately 
80 nmol/L (32 ng/mL). Thus, at least one vitamin 
D expert has argued that serum 25-hydroxyvita- 
min D values less than 80 nmol/L should be con- 
sidered deficient,” whereas another suggests 
that a healthy serum 25-hydroxyvitamin D value 
is between 75 and 125 nmol/L (30 and 50ng/ 
mL).26 With this latter cutoff value for insuffi- 
ciency (i.e., 75 nmol/L or 30 ng/mL), it is estimat- 
ed that one billion people in the world are cur- 
rently vitamin D deficient.3”? Data from supple- 
mentation studies indicate that vitamin D intakes 
of at least 800-1000 IU/day are required by adults 
living in temperate latitudes to achieve serum 
25-hydroxyvitamin D levels of at least 
80 nmol/L.38:39 


Recommended Dietary Allowance 


In 2010, the Food and Nutrition Board (FNB) of 
the Institute of Medicine set a recommended di- 
etary allowance (RDA) based on the amount of 
vitamin D needed for bone health. While the rec- 
ommended intake was increased from the ade- 
quate intake set in 1997, some experts feel that 
this level is still too low to result in sufficient 
25-hydroxyvitamin D levels?#-43, The American 
Academy of Pediatrics currently recommends 
400 1U/day for all infants, children, and adoles- 
cents.!? The RDA for vitamin D is listed in Table 
11.1 by life stage and gender. 


Disease Prevention 


Table 11.1 Recommended dietary allowance (RDA) for vitamin D 


Life stage Age 

Infants 0-6 months 
Infants 6-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 19-50 years 
Adults 51-70 years 
Adults 271 years 
Pregnancy All ages 
Breast-feeding All ages 


Al, adequate intake. 


Disease Prevention 


Osteoporosis 


Although osteoporosis is a multifactorial disease, 
vitamin D insufficiency can be an important con- 
tributing factor. A multinational (18 different 
countries with latitudes ranging from 64° north 
to 38° south) survey of more than 2600 post- 
menopausal women with osteoporosis revealed 
that 64% had 25-hydroxyvitamin D levels lower 
than 75 nmol/L (30 ng/mL). Without sufficient 
vitamin D from sun exposure or dietary intake, 
intestinal calcium absorption cannot be maxi- 
mized. This causes PTH secretion by the parathy- 
roid glands; elevated PTH results in increased 
bone resorption, which may lead to osteoporotic 
fracture.^ A prospective cohort study that fol- 
lowed more than 72000 postmenopausal wom- 
en in the United States for 18 years found that 
those who consumed at least 6001U/day of vita- 
min D from diet and supplements had a 37% low- 
er risk of osteoporotic hip fracture than women 
who consumed less than 1401U/day of vitamin 
p.46 

The results of most clinical trials suggest that 
vitamin D supplementation can slow bone den- 
sity losses or decrease the risk of osteoporotic 
fracture in men and women who are unlikely to 
be getting enough vitamin D. However, recent 
analyses indicate that there is a threshold of vita- 
min D intake that is necessary to observe reduc- 
tions in fracture risk. For instance, a recent meta- 
analysis of randomized controlled trials in older 


Males (g/day) (IU) Females (yg/day) (IU) 


10 (400) (Al) 10 (400) (Al) 
10 (400) (Al) 10 (400) (Al)) 
15 (600) 15 (600) 
15 (600) 15 (600) 
15 (600) 15 (600) 
15 (600) 15 (600) 
15 (600) 15 (600) 
15 (600) 15 (600) 
20 (800) ° 20 (800) 
= 15 (600) 
e 15 (600) 


adults found that supplementation with 700- 
800 IU vitamin D daily had a 26% and 23% lower 
risk of hip fracture and nonvertebral fracture, 
respectively. In contrast, supplementation with 
4001U vitamin D daily did not decrease risk of 
either hip or nonvertebral fracture.*’ In addition, 
recent results from the Women’s Health Initia- 
tive trial in 36282 postmenopausal women 
showed that daily supplementation with 400 IU 
vitamin D3, in combination with 1000 mg calci- 
um, did not significantly reduce risk of hip frac 
ture compared with a placebo.*® Bischoff-Ferrari 
et al. suggest that daily intakes of more than 
7001U vitamin D may be necessary to optimize 
serum concentrations of 25-hydroxyvitamin D 
and thus reduce fracture risk.*° 

Support for such a threshold effect of vitamin 
D on bone health also comes from previous stud- 
ies. One study in 247 postmenopausal US women 
reported that supplementation with 500 mg/day 
of calcium and either 100 1U/day or 700 IU/day of 
vitamin D; for 2 years slowed bone density losses 
at the hip only in the group taking 700 IU/day.*9 
Another study found that daily supplementation 
of elderly men and women with 500 mg/day of 
calcium and 7001U/day of vitamin D; for 3 years 
reduced bone density losses at the hip and spine 
and also reduced the frequency of nonvertebral 
fractures.°° A subsequent analysis of this cohort 
revealed that, when the calcium and vitamin D, 
supplements were discontinued, the bone den- 
sity benefits were lost within 2 years.>'! Another 
study found that oral supplementation with 
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800 IU/day of vitamin D3 and 1200 mg/day of cal- 
cium for 3 years decreased the incidence of hip 
fracture in elderly French women.”? Further, oral 
supplementation of elderly adults in the UK with 
100000IU vitamin D, once every 4 months 
(equivalent to about 8001U/day) for 5 years re- 
duced the risk of osteoporotic fracture by 33% 
compared with placebo.°? However, oral supple- 
mentation with 400IU/day of vitamin D3 for 
more than 3 years did not affect the incidence of 
fracture in a study of elderly Dutch men and 
women. All of these studies indicate that at 
least 700 IU vitamin D; daily may be required to 
observe a beneficial effect on fracture incidence. 

However, the Randomised Evaluation of Cal- 
cium Or vitamin D (RECORD) trial reported that 
oral supplemental vitamin D; (800 1U/day) alone, 
or in combination with calcium (1000 mg/day), 
did not prevent the occurrence of osteoporotic 
fractures in elderly adults who had already expe- 
rienced a low-trauma, osteoporotic fracture.” 
The lack of an effect could possibly be due to low 
compliance in this study or the fact that vitamin 
D supplementation did not raise serum 25-hy- 
droxyvitamin D levels to a level that would pro- 
tect against fractures.” 

To date, clinical trials have generally found 
that vitamin D, (ergocalciferol) is not effective at 
preventing fractures.” Overall, the current evi- 
dence suggests that vitamin D3 supplements of at 
least 800 IU/day may be helpful in reducing bone 
loss and fracture rates in elderly people. For vita- 
min D supplementation to be effective in pre- 
serving bone health, adequate dietary calcium 
(1000-1200 mg/day) should also be consumed 
(see Chapter 14), 


Cancer 


Two characteristics of cancer cells are lack of dif- 
ferentiation (specialization) and rapid growth or 
proliferation. Many malignant tumors have been 
found to contain vitamin D receptors (VDRs), in- 
cluding breast, lung, skin (melanoma), colon, and 
bone, Biologically active forms of vitamin D, such 
as 1,25-dihydroxyvitamin D and its analogs, have 
been found to induce cell differentiation and/or 
inhibit proliferation of a number of cancerous 
and noncancerous cell types maintained in cell 
culture.” Results of some, but not all, human 
epidemiological studies suggest that vitamin D 
may protect against various cancers. However, it 


is important to note that epidemiological studies 
cannot prove such associations. 


Colorectal cancer. The geographic distribution 
of colon cancer mortality resembles the histori- 
cal geographic distribution of rickets,” providing 
circumstantial evidence that decreased sunlight 
exposure and diminished vitamin D nutritional 
status may be related to an increased risk of colon 
cancer. However, prospective cohort studies have 
not generally found total vitamin D intake to be 
associated with significant reductions in risk of 
colorectal cancer when other risk factors are 
taken into account.°°-®* However, some more re- 
cent studies have reported that higher vitamin D 
intakes and serum 25-hydroxyvitamin D levels 
are associated with reductions in colorectal can- 
cer risk. One 5-year study of more than 120000 
people found that men with the highest vitamin 
D intakes had a risk of colorectal cancer that was 
29% lower than men with the lowest vitamin D 
intakes.®3 Vitamin D intake in this study was not 
significantly associated with colorectal cancer 
risk in women. Moreover, serum 25-hydroxyvi- 
tamin D level, which reflects vitamin D intake 
and vitamin D synthesis, was inversely associat- 
ed with the risk of potentially precancerous 
colorectal polyps © and indices of colonic epithe- 
lial cell proliferation,®> two biomarkers for colon 
cancer risk. 

More recently, a case-control analysis from 
the Nurses’ Health Study cohort reported that 
plasma 25-hydroxyvitamin D levels were in- 
versely associated with colorectal cancer.®® A 
randomized, double-blind, placebo-controlled 
trial in 36282 postmenopausal women partici- 
pating in the Women’s Health Initiative study 
found that a combination of supplemental vita- 
min D (4001U/day) and calcium (1000 mg/day) 
did not lower the incidence of colorectal cancer.” 
However, it has been suggested that the daily vi- 
tamin D dose, 400IU, was too low to detect any 
effect on cancer incidence.®® In fact, a recent 
dose-response analysis estimated that 1000 1U 
oral vitamin D daily would lower one’s risk of 
colorectal cancer by 50%.®9 


Breast cancer. Although breast cancer mortality 
follows a similar geographic distribution to that 
of colon cancer,>*-’° direct evidence of an associa- 
tion between vitamin D nutritional status and 
breast cancer risk is limited. A prospective study 


of women who participated in the first National 
Health and Nutrition Examination Survey 
(NHANES 1) found that several measures of sun- 
light exposure and dietary vitamin D intake were 
associated with a reduced risk of breast cancer 20 
years later.”! More recently, a 16-year study of 
more than 88000 women found that higher in- 
takes of vitamin D were associated with signifi- 
cantly lower breast cancer risk in premenopausal 
women but not postmenopausal women.”2 Gar- 
land et al. conducted a pooled, dose-response 
analysis of two case-control studies in which 
women with breast cancer had significantly 
lower plasma 25-hydroxyvitamin D levels com- 
pared with controls.’34 These authors reported 
that women with a 25-hydroxyvitamin D level of 
52 ng/mL (130 nmol/L) experienced a 50% lower 
risk of developing breast cancer compared with 
women with 25-hydroxyvitamin D levels lower 
than 13 ng/mL (32.5nmol/L).”> The authors state 
that, to obtain a 25-hydroxyvitamin D level of 
52 ng/mL, around 4000 IU vitamin D; would need 
to be consumed daily, or 2000 IU vitamin D; daily 
plus very moderate sun exposure.’° The current 
tolerable upper limit of intake (UL) for adults, set 
by the FNB of the Institute of Medicine, is 4000 IU/ 
day (see “Safety,” p. 91). 


Prostate cancer. Epidemiological studies show 
correlations between risk factors for prostate 
cancer and conditions that can result in de- 
creased vitamin D levels.” Increased age is asso- 
ciated with an increased risk of prostate cancer, 
as Well as with decreased sun exposure and de- 
creased capacity to synthesize vitamin D. The 
incidence of prostate cancer is higher in African- 
American men than in white American men, and 
the high melanin content of dark skin is known to 
reduce the efficiency of vitamin D synthesis. 
Geographically, mortality from prostate cancer is 
inversely associated with the availability of sun- 
light. Findings that prostate cells in culture can 
synthesize the 25-hydroxyvitamin D3-1-hydrox- 
ylase enzyme and that, unlike the renal enzyme, 
its synthesis is not influenced by PTH or calcium 
levels also provide support for the idea that in- 
creasing 25-hydroxyvitamin D levels may be use- 
ful in preventing prostate cancer.’® In contrast, 
prospective studies have not generally found sig- 
nificant relationships between serum 25-hy- 
droxyvitamin D levels and subsequent risk of 
developing prostate cancer.’’-®° Although a pro- 
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spective study of Finnish men found that low se- 
rum 25-hydroxyvitamin D levels were associated 
with earlier and more aggressive prostate cancer 
development,®! another prospective study of 
men from Finland, Norway, and Sweden found a 
U-shaped relationship between serum 25-hy- 
droxyvitamin D levels and prostate cancer risk. In 
that study serum 25-hydroxyvitamin D concen- 
trations of 19 nmol/L or lower and 80 nmol/L or 
higher were associated with higher prostate can- 
cer risk.8? Further research is needed to deter- 
mine the nature of the relationship between vita- 
min D nutritional status and prostate cancer risk. 


Autoimmune Diseases 


Type 1 diabetes mellitus, multiple sclerosis (MS), 
and rheumatoid arthritis (RA) are examples of 
autoimmune diseases. Autoimmune diseases oc 
cur when the body mounts an immune response 
against its own tissue, rather than a foreign 
pathogen. In type 1 diabetes mellitus, insulin- 
producing ß cells of the pancreas are the target of 
the inappropriate immune response. In MS, the 
target is the myelin-producing cells of the central 
nervous system and, in RA, the target is the colla- 
gen-producing cells of the joints. Autoimmune 
responses are mediated by T lymphocytes (T 
cells). The biologically active form of vitamin D, 
1,25-dihydroxyvitamin D, has been found to 
modulate T-cell responses, such that the autoim- 
mune responses are diminished. Epidemiological 
studies have found that the prevalence of type 1 
diabetes, MS, and RA increases as latitude in- 
creases, suggesting that lower exposure to UVB 
radiation and associated decreases in endoge- 
nous vitamin D synthesis may play a role in the 
pathology of these diseases. The results of several 
prospective cohort studies also suggest that ade- 
quate vitamin D intake could possibly decrease 
the risk of autoimmune diseases. A prospective 
cohort study of children born in Finland during 
the year 1966 and followed for 30 years found 
that those who received supplemental vitamin D 
during the first year of life had a significantly 
lower risk of developing type 1 diabetes, while 
children suspected of developing rickets (severe 
vitamin D deficiency) during the first year of life 
had a significantly higher risk of developing type 
1 diabetes.84 Vitamin D deficiency has also been 
implicated in MS. 
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A recent case-control study in US military 
personnel, including 257 cases of diagnosed MS, 
found that white individuals in the highest quin- 
tile (one-fifth) of serum 25-hydroxyvitamin D 
(>99.1 nmol/L) had a 62% lower risk of develop- 
ing MS.® A relationship between this indicator of 
vitamin D status and MS was not observed in 
black or Hispanic individuals, but the power to 
detect such an association was limited by small 
sample sizes and overall low serum 25-hy- 
droxyvitamin D concentrations.®° In two large 
cohorts of US women followed for at least 10 
years, vitamin D supplement use was associated 
with a significant reduction in the risk of devel- 
oping MS.®° Similarly, postmenopausal women 
with the highest total vitamin D intakes were 
at significantly lower risk of developing RA after 
11 years of follow-up than those with the lowest 
intakes.®” Thus, evidence from both animal mod- 
el studies and human epidemiological studies 
suggests that maintaining sufficient vitamin D 
levels could possibly help decrease the risk of 
several autoimmune diseases. 


Hypertension 


The results of epidemiological and clinical stud- 
ies suggest an inverse relationship between se- 
rum 1,25-dihydroxyvitamin D levels and blood 
pressure, which may be explained by recent find- 
ings that 1,25-dihydroxyvitamin D decreases the 
expression of the gene encoding renin. Data from 
epidemiological studies suggest that conditions 
that decrease vitamin D synthesis in the skin, 
such as having dark-colored skin or living in tem- 
perate latitudes, are associated with increased 
prevalence of hypertension.®* A controlled clini- 
cal trial in 18 hypertensive men and women liv- 
ing in the Netherlands found that exposure to 
UVB radiation three times weekly for 6 weeks 
during the winter increased serum 25-hy- 
droxyvitamin D levels and significantly decreased 
24-hour ambulatory systolic and diastolic blood 
pressure measurements by an average of 
6 mmHg.*? In randomized controlled trials of vi- 
tamin D supplementation, a combination of 
1600 1U/day of vitamin D and 800 mg/day of cal- 
cium for 8 weeks significantly decreased systolic 
blood pressure in elderly women by 9% compared 
with calcium alone,°° but supplementation with 
4001U vitamin D daily or a single dose of 
100000 IU vitamin D did not significantly lower 


blood pressure in elderly men and women over a 
2-month period.9'* At present, data from con- 
trolled clinical trials are too limited to determine 
whether vitamin D supplementation will be ef- 
fective in lowering blood pressure or preventing 
hypertension. 


Sources 


Sunlight 


Solar UVB radiation (wavelengths of 290- 
315 nm) stimulates the production of vitamin D; 
in the epidermis of the skin.” Sunlight exposure 
can provide most people with their entire vita- 
min D requirement. Children and young adults 
who spend a short time outside two or three 
times a week will generally synthesize all the vi- 
tamin D that they need to prevent deficiency. 
One study reported that serum vitamin D con- 
centrations after exposure to one minimal ery- 
themal dose of simulated sunlight (the amount 
required to cause a slight pinkness of the skin) 
was equivalent to ingesting approximately 
20000 IU vitamin D,.94 People with dark-colored 
skin synthesize markedly less vitamin D on expo- 
sure to sunlight than those with light-colored 
skin.! In addition, elderly people have a dimin- 
ished capacity to synthesize vitamin D from sun- 
light exposure and frequently use sunscreen or 
protective clothing in order to prevent skin can- 
cer and sun damage. The application of sunscreen 
with an SPF factor of 8 reduces production of vi- 
tamin D by 95%. In latitudes around 40° north or 
40° south (Boston is 42° north), there is insuffi- 
cient UVB radiation available for vitamin D syn- 
thesis from November to early March. Ten de- 
grees farther north or south (Edmonton, Canada) 
the “vitamin D winter” extends from mid-Octo- 
ber to mid-March. According to Michael Holick, 
as little as 5-10 min of sun exposure on the arms 
and legs or face and arms three times weekly be- 
tween 11a.m. and 2p.m. during the spring, 
summer, and fall at 42° latitude should provide a 
light-skinned individual with adequate vita- 
min D and allow for storage of any excess for use 
during the winter with minimal risk of skin dam- 
age.” 
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Table 11.2 Food sources of vitamin D 


Food Serving 

Pink salmon, canned 3 ounces? 
Sardines, canned 3 ounces? 
Mackerel, canned 3 ounces? 
Soy milk, fortified with vitamin D 8 ounces 
Orange juice, fortified with vitamin D 8 ounces 
Cow's milk, fortified with vitamin D 8 ounces 
Cereal, fortified 1 serving 


(usually 1 cup) 


Egg yolk 1 large 


Vitamin D (IU) Vitamin D (pg) 
530 13.3 

231 5.8 

213 5.3 

100 2.5 

100 2.5 

98 255 

40-50 1.0-1.3 

21 0.53 


3A 3-ounce serving of meat or fish is about the size of a deck of cards. 


Food Sources 


Vitamin D is found naturally in very few foods. 
Foods containing vitamin D include some fatty 
fish (mackerel, salmon, sardines), fish liver oils, 
and eggs from hens that have been fed vitamin D. 
In the United States, milk and infant formula are 
fortified with vitamin D so that they contain 
4001U (10}1g) per quart. However, other dairy 
products, such as cheese and yogurt, are not al- 
ways fortified with vitamin D. Some cereals and 
breads are also fortified with vitamin D. Recently, 
orange juice fortified with vitamin D has been 
made available in the United States. Accurate es- 
timates of average dietary intakes of vitamin D 
are difficult because of the high variability of the 
vitamin D content of fortified foods.” Vitamin D 
contents of some vitamin D-rich foods are listed 
in Table 11.2. 


Supplements 


Most vitamin D supplements available without a 
prescription contain cholecalciferol (vitamin D3). 
Multivitamin supplements generally provide 
4001U (101g) vitamin D. Single ingredient vita- 
min D supplements may provide 400-2000 IU 
vitamin D, but 400]U is the most commonly 
available dose. A number of calcium supple- 
ments may also provide vitamin D. 


Table 11.3 Tolerable upper intake level (UL) for vitamin D 


Life stage Age UL (g/day) 
(IU/day) 

Infants 0-6 months 25 (1000) 
Infants 6-12 months 37.5 (1500) 
Children 1-3 years 62.5 (2500) 
Children 4-8 years 75 (3000) 
Children 9-13 years 100 (4000) 
Adolescents 14-18 years 100 (4000) 
Adults 219 years 100 (4000) 

Safety 

Toxicity 


Vitamin D toxicity (hypervitaminosis D) induces 
abnormally high serum calcium levels (hypercal- 
cemia), which could result in bone loss, kidney 
stones, and calcification of organs like the heart 
and kidneys if untreated over a long period. Hy- 
percalcemia has been observed after daily doses 
of more than 500001U vitamin D.3” Overall, re- 
search suggests that vitamin D toxicity is very 
unlikely in healthy people at intake levels lower 
than 10 000 IU/day.38:°99° However, the FNB con- 
servatively set a tolerable upper intake level (UL) 
of 4000 [U/day (100 g/day) for all adults (Table 
11.3). Vitamin D toxicity has not been observed 
to result from sun exposure.?’ Certain medical 
conditions can increase the risk of hypercalcemia 
in response to vitamin D, including primary hy- 
perparathyroidism, sarcoidosis, tuberculosis, and 
lymphoma.” People with these conditions may 
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develop hypercalcemia in response to any in- 
crease in vitamin D nutrition and should thus 
consult a qualified health-care provider regard- 
ing any increase in vitamin D intake. 


Drug interactions 


The following medications increase the metabo- 
lism of vitamin D and may decrease serum 
25-hydroxyvitamin D levels: phenytoin, fosphe- 
nytoin, phenobarbital, carbamazepine, and rif- 
ampin. The following medications should not be 
taken at the same time as vitamin D because they 
can decrease the intestinal absorption of vita- 
min D: cholestyramine, colestipol, orlistat, min- 
eral oil, and the fat substitute olestra. The oral 
antifungal medication ketoconazole inhibits the 
25-hydroxyvitamin D}-1-hydroxylase enzyme 
and has been found to reduce serum levels of 
1,25-hydroxyvitamin D in healthy men. The in- 
duction of hypercalcemia by toxic levels of vita- 
min D may precipitate cardiac arrhythmia in pa- 
tients on digitalis.97° 


LPI Recommendation 


The Linus Pauling Institute recommends that generally 
healthy adults take 2000 IU (50 yg) supplemental vita- 
min D daily. Most multivitamins contain 4001U vita- 
min D, and single-ingredient vitamin D supplements 
are available for additional supplementation. Sun expo- 
sure, diet, skin color, and obesity have variable, sub- 
stantial impacts on body vitamin D levels. To adjust for 
individual differences and ensure adequate body vita- 
min D status, the Linus Pauling Institute recommends 
aiming for a serum 25-hydroxyvitamin D level of at least 
80 nmol/L (32 ng/mL). Numerous observational studies 
have found that serum 25-hydroxyvitamin D levels of 
80nmol/L (32 ng/mL) and above are associated with 
reduced risk of bone fractures, several cancers, MS, and 
type 1 (insulin-dependent) diabetes. Infants should 
have a minimum daily intake of 400 IU (10 ug} and chil- 
dren and adolescents should have a minimum daily in- 
take of 600 IU (15 ug) vitamin D. Given the average vita- 
min D content of breast milk, infant formula, and the 
diets of children and adolescents, supplementation 
may be necessary to meet these recommendations. 


Older Adults 

Daily supplementation with 2000 IU (50 ug) vitamin D 
is especially important for older adults because aging is 
associated with a reduced capacity to synthesize vita- 
min D in the skin on sun exposure. 
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The term vitamin E describes a family of eight an- 
tioxidants: four tocopherols (a-, B-, y-, and 6-) 
and four tocotrienols (a-, B-, y- and 6-). 
c-Tocopherol is the only form of vitamin E that is 
actively maintained in the human body, so it is 
the form of vitamin E found in the largest quanti- 
ties in blood and tissues.' As a-tocopherol is the 
form of vitamin E that appears to have the great- 
est nutritional significance, it is the primary topic 
of this chapter. It is also the only form that meets 
the latest recommended dietary allowance (RDA) 
for vitamin E. 


Function 


a-Tocopherol 


The main function of a-tocopherol in humans 
appears to be that of an antioxidant. Free radicals 
are formed primarily in the body during normal 
metabolism and also upon exposure to environ- 
mental factors, such as cigarette smoke or pollut- 
ants. Fats, which are an integral part of all cell 
membranes, are vulnerable to destruction 
through oxidation by free radicals. The fat-solu- 
ble vitamin, a-tocopherol, is uniquely suited to 
intercept free radicals and thus prevent a chain 
reaction of lipid destruction. Aside from main- 
taining the integrity of cell membranes through- 
out the body, a-tocopherol also protects the fats 
in low-density lipoproteins (LDLs) from oxida- 
tion. Lipoproteins are particles composed of lip- 
ids and proteins that transport fats through the 
bloodstream. LDLs specifically transport choles- 
terol from the liver to the tissues of the body. 
Oxidized LDLs have been implicated in the devel- 
opment of cardiovascular diseases. When a mol- 
ecule of a-tocopherol neutralizes a free radical, it 
is altered in such a way that its antioxidant ca- 
pacity is lost. However, other antioxidants, such 
as vitamin C, are capable of regenerating the an- 
tioxidant capacity of a-tocopherol.?7 

Several other functions of a-tocopherol have 
been identified that are not likely related to its 
antioxidant capacity. For instance, a-tocopherol 
is known to inhibit the activity of protein 


kinase C, an important cell-signaling molecule. 
a-tocopherol appears also to affect the expres- 
sion and activities of molecules and enzymes in 
immune and inflammatory cells. In addition, 
a-tocopherol has been shown to inhibit platelet 
aggregation and to enhance vasodilation.4° 

The isomeric form of a-tocopherol found in 
foods is RRR-a-tocopherol (also referred to 
as “natural” or d-a-tocopherol). Synthetic 
a-tocopherol, which is labeled all-rac- or dl- 
a-tocopherol, has only half the biological activity 
of RRR-a-tocopherol. Often vitamin E-fortified 
foods contain synthetic a-tocopherol, and the 
amounts are given as a percentage of the daily 
value of 301U. Throughout this chapter, amounts 
of a-tocopherol are expressed in both interna- 
tional units and milligrams. 


y-Tocopherol 


The function of y-tocopherol in humans is cur- 
rently unclear. Although the most common form 
of vitamin E in the American diet is y-tocopherol, 
blood levels of y-tocopherol are generally 
10 times lower than those of a-tocopherol. This 
phenomenon is apparently due to two mecha- 
nisms: 

1. a-tocopherol is retained in the body by the 
action of the a-tocopherol transfer protein 
(a-TTP) in the liver, which preferentially in- 
corporates a-tocopherol into lipoproteins that 
are circulated in the blood! and ultimately de- 
livers a-tocopherol to different tissues in the 
body.® 

2. Forms of vitamin E other than a-tocopherol 
are actively metabolized.® As y-tocopherol is 
initially absorbed in the same manner as 
a-tocopherol, small amounts of y-tocopherol 
are detectable in blood and tissue. Breakdown 
products of tocopherols, known as metabo- 
lites, can be detected in urine. More 
y-tocopherol metabolites are excreted in urine 
than a-tocopherol metabolites, suggesting 
that less y-tocopherol is needed for use by the 
body.’ 


Limited research in the test tube and in animals 
indicates that y-tocopherol or its metabolites 
may play a role in protecting the body from free 
radical-induced damage,®° but these effects have 
not been convincingly demonstrated in humans. 
Recently, concern has been raised about the fact 
that taking a-tocopherol supplements lowers 
y-tocophero! levels in the blood. However, no ad- 
verse effects of moderate a-tocopherol supple- 
mentation have been demonstrated, although 
many benefits have been documented. In one 
prospective study, increased levels of plasma 
y-tocopherol were associated with a significantly 
reduced risk of developing prostate cancer. In this 
study, increased levels of plasma a-tocopherol 
and toenail selenium were protective against 
prostate cancer development only when 
y-tocopherol levels were also high.!° These limit- 
ed findings, in addition to the fact that a-toco- 
pherol supplementation lowers y-tocopherol 
levels in blood, have led some scientists to call for 
additional research on the effects of dietary and 
supplemental y-tocopherol on health.!! Impor- 
tantly, relatively high plasma y-tocopherol con- 
centrations may indicate a high level of vegetable 
and vegetable oil intake. 


Deficiency 


Vitamin E deficiency has been observed in indi- 
viduals with severe malnutrition, genetic defects 
affecting the a-ITP, and fat malabsorption syn- 
dromes. For example, children with cystic fibro- 
sis or cholestatic liver disease, who have an im- 
paired capacity to absorb dietary fat and there- 
fore fat-soluble vitamins, may develop symptom- 
atic vitamin E deficiency. Severe vitamin E 
deficiency results mainly in neurological symp- 
toms, including impaired balance and coordina- 
tion (ataxia), injury to the sensory nerves (pe- 
ripheral neuropathy), muscle weakness (myopa- 
thy), and damage to the retina of the eye (pig- 
mented retinopathy). For this reason, people 
who develop peripheral neuropathy, ataxia, or 
retinitis pigmentosa should be screened for vita- 
min E deficiency. The developing nervous sys- 
tem appears to be especially vulnerable to vita- 
min E deficiency. For instance, children who have 
severe vitamin E deficiency from birth and are 
not treated with vitamin E rapidly develop neu- 
rological symptoms. In contrast, individuals who 


Deficiency 


develop malabsorption of vitamin E in adulthood 
may not develop neurological symptoms for 10- 
20 years. It should be noted that symptomatic 
vitamin E deficiency in healthy individuals who 
consume diets low in vitamin E has never been 
reported.?-!2 

Although true vitamin E deficiency is rare, 
marginal intake of vitamin E is relatively com- 
mon in the United States. The National Health 
and Nutrition Examination Survey II] (NHANES 
Ill) examined the dietary intake and blood levels 
of a-tocopherol in 16295 adults (over the age of 
18); 27% of white participants, 41% of African- 
Americans, 28% of Mexican-Americans, and 32% 
of the other participants were found to have 
blood levels of a-tocopherol less than 20 umol/L. 
This cutoff value was chosen because the litera- 
ture suggests an increased risk for cardiovascular 
disease below this level.!? More recently, data 
from the NHANES 1999-2000 study indicate that 
mean dietary intake of a-tocopherol is 6.3 mg/ 
day and 7.8 mg/day for women and men, respec- 
tively.'4 These intakes are well below the current 
intake recommendations of 15 mg/day. In fact, it 
has been estimated that more than 90% of Amer- 
icans do not meet daily dietary recommenda- 
tions for vitamin E.!° 


Recommended Dietary Allowance 


The RDA for vitamin E was previously 8 mg/day 
for women and 10 mg/day for men. The RDA was 
revised by the Food and Nutrition Board (FNB) of 
the Institute of Medicine in 2000 (Table 12.1).4 
This new recommendation was based largely on 
the results of studies done in the 1950s in men 
fed vitamin E-deficient diets. In a test-tube analy- 
sis, hydrogen peroxide was added to blood sam- 
ples and the breakdown of red blood cells, known 
as hemolysis, was used to indicate vitamin E defi- 
ciency. As hemolysis has also been reported in 
children with severe vitamin E deficiency, this 
analysis was considered to be a clinically relevant 
test of vitamin E status. Importantly, this means 
that the latest RDA for vitamin E continues to be 
based on the prevention of deficiency symptoms 
rather than on health promotion and prevention 
of chronic disease. 
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Table 12.1 Recommended dietary allowance for vitamin E 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breastfeeding All ages 


aMilligrams a-tocopherol. 
Al, adequate intake. 


Disease Prevention 


Cardiovascular Diseases 


The results of at least five large observational 
studies suggest that increased vitamin E con- 
sumption is associated with decreased risk of 
myocardial infarction (heart attack) or death 
from heart disease in both men and women. Each 
study was a prospective study that measured vi- 
tamin E consumption in presumably healthy 
people and followed them for a number of years 
to determine how many were diagnosed with or 
died as a result of heart disease. In two of the 
studies, individuals who consumed more than 
7 mg/day of a-tocopherol in food were only ap- 
proximately 35% as likely to die from heart dis- 
ease as those who consumed less than 3-5 mg/ 
day of a-tocopherol.'®!” Two other large studies 
found a significant reduction in risk of heart dis- 
ease only in women and men who consumed at 
least 1001U supplemental RRR-a-tocopherol 
(67mg RRR-a-tocopherol) daily.!8!° More re- 
cently, several studies have observed plasma or 
red blood cell levels of a-tocopherol to be in- 
versely associated with the presence or severity 
of carotid atherosclerosis detected using ultraso- 
nography.2°-23 A randomized, placebo-controlled, 
intervention trial in 39876 women participating 
in the Women’s Health Study found that supple- 
mentation with 600IU (400mg) RRR-a- 
tocopherol every other day for 10 years had no 
effect on the incidence of various cardiovascular 
events (myocardial infarction and stroke), but 


Males (mg/day)? Females (mg/day)? 


4 (Al) 4 (Al) 
5 (Al) 5 (Al) 
6 6 
7 7 
11 11 
15 15 
15 15 
= 15 
es 19 


the vitamin E intervention decreased cardiovas- 
cular-related deaths by 24%.”4 

Analysis of data from the Women’s Health 
Study also showed that women receiving the vi- 
tamin E intervention experienced a 21% reduc- 
tion in risk of venous thromboembolism.” The 
benefits of vitamin E supplementation in chronic 
disease prevention are discussed in a recent re- 
view. Intervention studies in patients with 
heart or renal disease, however, have not shown 
vitamin E supplements to be effective in prevent- 
ing heart attacks or death (see below). 


Cataracts 


Cataracts appear to be formed by protein oxida- 
tion in the lens of the eye; such oxidation may be 
prevented by antioxidants like a-tocopherol. 
Several observational studies have examined the 
association between vitamin E consumption and 
the incidence and severity of cataracts. Results of 
these studies are mixed: some report that in- 
creased vitamin E intake protects against cata- 
ract development, whereas others report no as- 
sociation.2” A placebo-controlled intervention 
trial in 4629 men and women found that a daily 
antioxidant supplement containing 500 mg vita- 
min C, 4001U synthetic vitamin E (dl-a- 
tocopherol acetate; equivalent to 180 mg RRR-a- 
tocopherol), and 15 mg f-carotene did not affect 
development and progression of age-related 
cataracts over a 7-year period.” Similarly, anti- 
oxidant supplementation (500mg vitamin C, 
4001U [268 mg] RRR-a-tocopherol, and 15mg 


B-carotene) did not affect progression of cata- 
racts in a 5-year intervention trial.29 A 4-year, 
randomized, placebo-controlled trial reported 
that supplements containing 500 IU/day of natu- 
ral vitamin E (335 mg RRR-a-tocopherol) did not 
reduce the incidence or progression of cataracts 
in older adults.2° Another intervention trial 
found that a daily supplement of 50 mg synthetic 
a-tocopherol daily (equivalent to 25mg 
RRR-a-tocophero]) did not alter the incidence of 
cataract surgery in male smokers.*! Although re- 
sults from some observational studies suggest 
that vitamin E may protect against cataract de- 
velopment, results from clinical trials do not sup- 
port a preventive effect. 


Immune Function 


a-Tocopherol has been shown to enhance speci- 
fic aspects of the immune response that appear 
to decline as people age. For example, elderly 
adults given 200 mg/day of synthetic o-toco- 
pherol (equivalent to 100mg or 150IU RRR- 
a-tocopherol) for several months displayed in- 
creased formation of antibodies in response to 
hepatitis B vaccine and tetanus vaccine.22 How- 
ever, it is not known if such a-tocopherol- 
associated enhancements in the immune re- 
sponse of older adults actually translate to in- 
creased resistance to infections such as the flu 
(influenza virus). A randomized, placebo-con- 
trolled trial in elderly nursing home residents 
reported that daily supplementation with 200 IU 
synthetic a-tocopherol (equivalent to 90mg 
RRR-a-tocopherol) for 1 year significantly low- 
ered the risk of contracting upper respiratory 
tract infections, especially the common cold, but 
had no effect on lower respiratory tract (lung) in- 
fections.74 More research is needed to determine 
whether supplemental vitamin E may protect el- 
derly people against the common cold or other 
infections. 


Cancer 


Many types of cancer are thought to result from 
oxidative damage to DNA caused by free radicals. 
The ability of a-tocopherol to neutralize free rad- 
icals has made it the subject of a number of can- 
cer prevention studies. However, several large 
prospective studies have failed to find significant 
associations between a-tocopherol intake and 


Disease Treatment 


the incidence of lung or breast cancer.4 One study 
in a cohort of 77126 men and women reported 
that use of vitamin E supplements over a 10-year 
period increased risk of lung cancer in current 
smokers.?° 

To date, most clinical trials have found that vi- 
tamin E supplementation has no effect on the 
risk of various cancers, except a possible benefit 
against development of prostate cancer. A ran- 
domized, placebo-controlled trial in 39876 
women participating in the Women’s Health 
Study found that supplementation with 600 IU 
(400 mg) RRR-a-tocophero! every other day for 
10 years had no effect on overall cancer incidence 
or cancer-related deaths.” This vitamin E inter- 
vention also did not affect the incidence of tis- 
sue-specific cancers, including breast, lung, and 
colon cancers. Moreover, a recently published 
meta-analysis of 12 randomized controlled trials 
concluded that vitamin E supplementation was 
not associated with overall cancer incidence, 
cancer mortality, or total mortality.7° However, 
vitamin E supplementation may possibly reduce 
the risk of prostate cancer. A placebo-controlled 
intervention study that was designed to look at 
the effect of a-tocopherol supplementation on 
lung cancer development noted a 34% reduction 
in the incidence of prostate cancer in smokers 
given daily supplements of 50mg synthetic 
a-tocopherol (equivalent to 25mg RRR-a-toco- 
pherol) daily.” A meta-analysis that combined 
the results of this study with three other ran- 
domized controlled trials associated vitamin E 
supplement use with a 15% lower risk of prostate 
cancer.2® However, a large randomized, placebo- 
controlled intervention study using a-tocopherol 
and selenium supplementation (the SELECT tri- 
al), alone or in combination, was recently halted 
because there was no evidence of benefit in pre- 
venting prostate cancer.?839 After an average of 
5.5 years of follow-up in the SELECT trial, partici- 
pants taking vitamin E (4001U/day all-rac-o- 
tocopherol) alone had a higher risk of prostate 
cancer, but the increase was not statistically sig- 
nificant. 


Disease Treatment 


Cardiovascular Diseases 


Observational studies have suggested that sup- 
plemental a-tocopherol might have value in the 
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treatment of cardiovascular disease. For example, 
a small observational study of men who had pre- 
viously undergone coronary artery bypass sur- 
gery found that those who took at least 100 IU 
supplemental «a-tocopherol (67mg RRR-a- 
tocopherol) daily had a reduction in the progres- 
sion of coronary artery atherosclerosis measured 
by angiography compared with those who took 
less than 100IU/day of a-tocopherol.*° A ran- 
domized, placebo-controlled intervention trial in 
the United Kingdom (the CHAOS study) found 
that supplementing heart disease patients with 
either 400 or 800IU synthetic a-tocopherol 
(equivalent to 180 or 360 mg RRR-a-tocopherol) 
for an average of 18 months dramatically reduced 
the occurrence of nonfatal heart attacks by 77%. 
However, a-tocopherol supplementation did not 
significantly reduce total deaths from heart dis- 
ease.“! 

Chronic renal dialysis patients are at much 
greater risk of dying from cardiovascular disease 
than the general population, and there is evi- 
dence that they are also under increased oxida- 
tive stress. Supplementation of renal dialysis pa- 
tients with 800 IU natural a-tocopherol (536 mg 
RRR-a-tocopherol) daily for an average of 1.4 
years resulted in a significantly reduced risk of 
heart attack compared with placebo.” In con- 
trast, three other intervention trials failed to find 
significant risk reductions with a-tocopherol 
supplementation. One study, which was de- 
signed mainly to examine cancer prevention, 
found that 50 mg synthetic a-tocopherol (equiv- 
alent to 25 mg RRR-a-tocopherol) daily resulted 
in a nonsignificant decrease in nonfatal heart at- 
tacks in participants who had had previous heart 
attacks.43 However, two other large trials in indi- 
viduals with evidence of cardiovascular disease 
(previous heart attack, stroke, or evidence of vas- 
cular disease) found that daily supplements of 
4001U natural «a-tocopherol (equivalent to 
268 mg RRR-a-tocopherol) or 300 mg synthetic 
a-tocopherol (equivalent to 150mg RRR-a- 
tocopherol) did not significantly change the risk 
of a subsequent heart attack or stroke.“445 A trial 
in patients with either vascular disease or diabe- 
tes mellitus found that daily supplementation 
with 400 IU natural a-tocopherol for an average 
of 7 years had no effect on major cardiovascular 
events (myocardial infarction or stroke) or 
deaths; however, this study noted a slightly in- 
creased risk of heart failure in individuals taking 


vitamin E supplements.“® Thus, results of clinical 
trials using vitamin E for the treatment of heart 
disease have been inconsistent. 


Diabetes Mellitus 


a-Tocopherol supplementation in individuals 
with diabetes has been proposed because diabe- 
tes appears to increase oxidative stress and be- 
cause cardiovascular complications (heart attack 
and stroke) are among the leading causes of 
death in people with diabetes. One study found a 
biochemical marker of oxidative stress (urinary 
excretion of F,-isoprostanes) was elevated in in- 
dividuals with type 2 diabetes, and supplemen- 
tation with 600mg synthetic «a-tocopherol 
(equivalent to 300mg RRR-a-tocopherol) daily 
for 14 days reduced levels of the biomarker.‘” 
Studies of the effect of a-tocopherol supplemen- 
tation on blood glucose control have been con- 
tradictory. Some studies have shown that sup- 
plemental vitamin E improves insulin action and 
glucose disposal in type 2 diabetic*® and non-di- 
abetic*#49 individuals, whereas other studies 
have reported minimal to no improvements in 
glucose metabolism of patients with type 2 dia- 
betes.°°>! Increased oxidative stress has also 
been documented in type 1 diabetes.*” One study 
reported that supplementing patients with type 
1 diabetes with only 1001U/day of synthetic a- 
tocopherol (equivalent to 45mg RRR-a- 
tocopherol) for 1 month significantly improved 
both glycated hemoglobin and triglyceride lev- 
els.°? This study also noted nonsignificant im- 
provements in blood glucose levels after a- 
tocopherol supplementation.°? Although there is 
reason to suspect that a-tocopherol supplemen- 
tation may be beneficial in treatment for type 1 
or 2 diabetes, evidence from well-controlled 
clinical trials is lacking. 


Dementia (Impaired Cognitive 
Function) 


The brain is particularly vulnerable to oxidative 
stress, which is thought to play a role in the pa- 
thology of neurodegenerative diseases such as 
Alzheimer disease.°? In addition, some studies 
have documented low levels of vitamin E in cere- 
brospinal fluid of patients with Alzheimer dis- 
ease.” A large placebo-controlled intervention 
trial in individuals with moderate neurological 


Sources 


impairment found that supplementation with 
2000 IU synthetic a-tocopherol daily for 2 years 
(equivalent to 900mg/day RRR-a-tocopherol) 
significantly slowed progression of Alzheimer 
dementia.” In contrast, a placebo-controlled 
trial in patients with mild cognitive impairment 
reported that the same dosage of vitamin E did 
not slow progression to Alzheimer disease over a 
3-year period.” After Alzheimer disease, vascu- 
lar dementia (dementia resulting from strokes) is 
the most common type of dementia in the United 
States. A case-control study examining risk fac- 
tors for vascular dementia in elderly Japanese- 
American men found that supplemental vita 
min E and vitamin C intake was associated with a 
significantly decreased risk of vascular and other 
types of dementia but not Alzheimer dementia.” 
Among those without dementia, vitamin E sup- 
plement use was associated with better scores on 
cognitive tests. Although these findings are 
promising, further studies are required to deter- 
mine the role of a-tocopherol supplementation 
in the treatment of Alzheimer disease and other 
types of dementia. 


Cancer 


Cancer cells proliferate rapidly and are resistant 
to death by apoptosis (programmed cell death). 
Cell culture studies indicate that the vitamin E 
ester, a-tocopheryl succinate, can inhibit prolif- 
eration and induce apoptosis in a number of can- 
cer cell lines.58°9 The ester form, a-tocopheryl 


Table 12.2 Food sources of vitamin E 


succinate, not a-tocopherol, is required to effec 
tively inhibit proliferation or induce cancer cell 
death.®° Although the mechanisms for the effects 
of «-tocophery! succinate on cancer cells are not 
yet clear, the fact that the ester form has no anti- 
oxidant activity argues against an antioxidant 
mechanism.“ Limited data from animal models 
of cancer indicate that a-tocopheryl succinate 
administered by injection may inhibit tumor 
growth,°2-® but much more research is required 
to determine whether a-tocopheryl succinate 
will be a useful adjunct to cancer therapy in hu- 
mans. Certainly, administration by injection 
would be necessary for any benefit, because 
a-tocopheryl succinate taken orally is cleaved to 
form a-tocopherol in the intestine. There is 
currently no evidence in humans that taking oral 
a-tocopheryl succinate supplements delivers 
a-tocopheryl succinate to tissues. 


Sources 


Food Sources 


Major sources of a-tocopherol in the American 
diet include vegetable oils (olive, sunflower, and 
safflower oils), nuts, whole grains, and green 
leafy vegetables. All eight forms of vitamin E (a-, 
B-, y-, and -tocopherols and tocotrienols) occur 
naturally in foods but in varying amounts. Table 
12.2 lists a-tocopherol and y-tocopherol in some 
common foods. 


a-Tocopherol (mg) y-Tocophero! (mg) 


Food Serving 
Olive oil 1 tablespoon 
Soybean oil 1 tablespoon 
Corn oil 1 tablespoon 
Canola oil 1 tablespoon 
Safflower oil 1 tablespoon 
Sunflower oil 1 tablespoon 
Almonds 1 ounce 
Hazelnuts 1 ounce 
Peanuts 1 ounce 
Spinach Y cup, raw 
Carrots Y cup, raw chopped 


Avocado (California) 


1 fruit 


1.9 0.1 
1.1 8.7 
1.9 8.2 
2.4 3.8 
4.6 0.1 
5.6 0.7 
7.4 0.2 
4.3 0 

2.4 2.4 
0.3 0 

0.4 0 

2.7 0.4 
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Supplements 


a-Tocopherol. In the United States, the average 
intake of a-tocopherol from food is approximate- 
ly 8 mg daily for men and 6 mg daily for wom- 
en;!4 these levels are well below the RDA of 
15 mg/day of RRR-a-tocopherol.* Many scientists 
believe that it is difficult for an individual to con- 
sume more than 15 mg/day of a-tocopherol from 
food alone without increasing fat intake above 
recommended levels. All a-tocopherol in food is 
in the form of the isomer RRR-a-tocopherol. The 
same is not always true for supplements. Vitamin 
E supplements generally contain 100-1000 IU a- 
tocopherol. Supplements made from entirely 
natural sources contain only RRR-a-tocopherol 
(also labeled d-a-tocopherol). RRR-a-Tocopherol 
is the isomer preferred for use by the body, mak- 
ing it the most bioavailable form of a-tocopherol. 
Synthetic a-tocopherol, which is often found in 
fortified foods and nutritional supplements, is 
usually labeled all-rac-a-tocopherol or dl-a- 
tocopherol, meaning that all eight isomers of 
a-tocopherol are present in the mixture. Because 
half of the isomers of a-tocopherol present in all- 
rac-a-tocopherol are not usable by the body, syn- 
thetic a-tocopherol is less bioavailable and only 
half as potent. To calculate the number of milli- 
grams of bioavailable a-tocopherol present in a 
supplement, use the following formulae. 


RRR-a-tocopherol (natural or d-a-tocopherol): 
JU x 0.67 = mg RRR-a-tocopherol 
Example: 
100 1U =67 mg; 
all-rac-a-tocopherol (synthetic or dl--tocopherol): 
IU x 0.45 = mg RRR-a-tocopherol 
Example: 
100 IU =45 mg. 


a-Tocopheryl succinate and a-tocopheryl acetate 
(a-tocopheryl esters). a-Tocopherol supple- 
ments are available in the ester forms: 
a-tocopheryl succinate and «-tocophery] acetate. 
Tocopherol esters are more resistant to oxidation 
during storage than unesterified tocopherols. 
When taken orally, the succinate or acetate moi- 
ety is removed from a-tocopherol in the intes- 
tine. The bioavailability of a-tocopherol from 
a-tocopheryl succinate and «-tocopheryl acetate 
is equivalent to that of free a-tocopherol. Be- 
cause international units for a-tocopherol esters 


are adjusted for molecular weight, the conver- 


sion factors for determining the amount of bio- 


available «-tocopherol provided by a-tocopheryl 
succinate and -tocopheryl acetate are not differ- 
ent from those used for a-tocopherol.4 The ester 
a-tocopheryl succinate, not a-tocopherol, is re- 
quired to effectively inhibit growth and induce 
death in cancer cells grown in culture. However, 
there is currently no evidence in humans that 
taking oral a-tocopheryl succinate supplements 
delivers a-tocopheryl succinate to tissues. 


a-Tocopheryl phosphates (Ester-E). There is cur- 
rently no published evidence that supplements 
containing a-tocopheryl phosphates are more ef- 
ficiently absorbed or have greater bioavailability 
in humans than supplements containing a- 
tocopherol. 


y-Tocopherol. y-Tocopherol supplements and 
mixed tocopherol supplements are also commer- 
cially available.” The amounts of a- and y- 
tocopherol in mixed tocopherol supplements 
vary, so it is important to read the label to deter- 
mine the amount of each tocopherol present in 
supplements. 


Safety 
Toxicity 


Few side effects have been noted in adults taking 
supplements of less than 2000 mg a-tocopherol 
daily (RRR- or all-rac-a-tocopherol). However, 
most studies of toxicity or side effects of 
a-tocopherol supplementation have lasted only a 
few weeks to a few months, and side effects oc 
curring as a result of long-term a-tocopherol 
supplementation have not been adequately stud- 
ied. The most worrisome possibility is that of im- 
paired blood clotting, which may increase the 
likelihood of hemorrhage in some individuals. 
The FNB established a tolerable upper intake 
level (UL) for a-tocopherol supplements based on 
the prevention of hemorrhage (Table 12.3). The 
FNB felt that 1000 mg/day of a-tocopherol in any 
form (equivalent to 1500 IU/day of RRR-a-toco- 
pherol or 11001U/day of all-rac-a-toco-pherol) 
would be the highest dose unlikely to result in 
hemorrhage in almost all adults.4 Although only 
certain isomers of a-tocopherol are retained in 
the circulation, all forms are absorbed and me- 
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Table 12.3 Tolerable upper intake level (UL) for any form 
of supplementary a-tocopherol 


Life stage Age UL (mg/day) 
a-tocopherol) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 200 

Children 4-8 years 300 

Children 9-13 years 600 


Adolescents 14-18 years 800 


Adults 219 1000 


Source of intake should be from food and formula only. 


tabolized by the liver. The rationale that any form 
of a-tocopherol (natural or synthetic) can be ab- 
sorbed and thus could be potentially harmful is 
the basis for a UL that refers to all forms of a- 
tocopherol. j 

Some physicians recommend discontinuing 
high-dose vitamin E supplementation 1 month 
before elective surgery to decrease the risk of 
hemorrhage. Premature infants appear to be 
especially vulnerable to adverse effects of 
a-tocopherol supplementation, which should 
be used only under controlled supervision by a 
pediatrician.” Supplementation with 400 IU/day 
ofvitamin E has been found to accelerate the pro- 
gression of retinitis pigmentosa which is not 
associated with vitamin E deficiency.® 


Vitamin E Supplementation and 
All-cause Mortality 


A meta-analysis that combined the results of 19 
clinical trials of vitamin E supplementation for 
various diseases, including heart disease, end- 
stage renal failure, and Alzheimer disease, re- 
ported that adults who took supplements of 
400 IU/day or more were 6% more likely to die 
from any cause than those who did not take vita- 
min E supplements.® However, further break- 
down of the risk by vitamin E dose and adjust- 
ment for other vitamin and mineral supplements 
revealed that the increased risk of death was sta- 
tistically significant only at a dose of 2000 IU/day, 
which is higher than the UL for adults. In addi- 
tion, three other meta-analyses that combined 
the results of randomized controlled trials de- 
signed to evaluate the efficacy of vitamin E sup- 
plementation for the prevention or treatment of 


cardiovascular disease found no evidence that 
vitamin E supplementation up to 800 IU/day sig- 
nificantly increased or decreased cardiovascular 
disease mortality or all-cause mortality.7°7!.77 
Additionally, a more recent meta-analysis of 57 
randomized controlled trials found that vitamin 
E supplementation, up to doses of 5500 IU/day, 
had no effect on all-cause mortality.”? Further- 
more, a meta-analysis of 68 randomized trials 
found that supplemental vitamin E, singly or in 
combination with other antioxidant supple- 
ments, did not significantly alter risk of all-cause 
mortality.” At present, there is no convincing 
evidence that vitamin E supplementation up to 
800 IU/day increases the risk of death from car- 
diovascular disease or other causes. 


Drug Interactions 


Use of vitamin E supplements may increase the 
risk of bleeding in individuals taking anticoagu- 
lant drugs, such as warfarin (Coumadin); anti- 
platelet drugs, such as clopidogrel (Plavix) and 
dipyridamole (Persantine); and nonsteroidal 
anti-inflammatory drugs (NSAIDs), including as- 
pirin, ibuprofen, and others. Also, individuals on 
anticoagulant therapy (blood thinners) or indi- 
viduals who are vitamin K deficient should not 
take a-tocopherol supplements without close 
medical supervision because of the increased 
risk of hemorrhage.* A number of medications 
may decrease the absorption of vitamin E, in- 
cluding cholestyramine, colestipol, isoniazid, 
mineral oil, orlistat, sucralfate, and the fat substi- 
tute olestra. Anticonvulsant drugs, such as phe- 
nobarbital, phenytoin, and carbamazepine, may 
decrease plasma levels of vitamin E.4°” 


Antioxidants and HMG-CoA reductase inhibitors 
(statins). A 3-year randomized controlled trial in 
160 patients with documented coronary heart 
disease (CHD) and low high-density lipoprotein 
(HDL) levels found that a combination of simvas- 
tatin and niacin increased HDL2 levels, inhibited 
the progression of coronary artery stenosis (nar- 
rowing), and decreased the frequency of cardio- 
vascular events, such as myocardial infarction 
and stroke.” Surprisingly, when an antioxidant 
combination (1000mg vitamin C, 800IU 
a-tocopherol, 100pg selenium, and 25mg 
B-carotene daily) was taken with the simvas- 
tatin-niacin combination, the protective effects 
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were diminished. However, in a much larger ran- 
domized controlled trial of simvastatin and an 
antioxidant combination (600mg vitamin E, 
250 mg vitamin C, and 20 mg f-carotene daily) in 


m 


ore than 20000 men and women with coro- 


nary artery disease or diabetes, the antioxidant 
combination did not adversely affect the cardio- 
protective effects of simvastatin therapy over a 
5-year period.” These contradictory findings in- 


di 


cate that further research is needed on poten- 


tial interactions between antioxidant supple- 
mentation and cholesterol-lowering agents such 
as hydroxymethylglutaryl coenzyme A (HMG- 
CoA) reductase inhibitors (statins). 


LPI Recommendation 


Scientists at the Linus Pauling Institute feel that there is 
credible evidence that taking a supplement of 200 IU 
(134mg) natural source d-a-tocopherol (RRR-a- 
tocopherol) daily with a meal may help protect adults 
from chronic diseases, such as heart disease, stroke, 
neurodegenerative diseases, and some types of cancer. 
The amount of a-tocopherol required for such benefi- 
cial effects appears to be much greater than that which 
could be achieved through diet alone. As supplements 
containing 200 IU d-a-tocopherol are often as expen- 
sive as supplements containing 400 IU d-a-tocopherol, 
a less expensive alternative may be to take 400 IU 
(268 mg) d-a-tocopherol every other day. a-Tocopherol 
supplements are unlikely to be absorbed unless taken 
with food. 


Older Adults 

The Linus Pauling Institute’s recommendation of a sup- 
plement providing 200 IU natural source d-a-tocopherol 
daily (or 400 IU d-a-tocopherol every other day) with a 
meal is also appropriate for generally healthy older 
adults. 
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Vitamin K is a fat-soluble vitamin. The “K” is de- 
rived from the German word koagulation. Coagu- 
lation refers to the process of blood clot forma- 
tion, and vitamin K is essential for the function- 
ing of several proteins involved in blood clotting.! 
There are two naturally occurring forms of vita- 
min K. Plants synthesize phylloquinone, which is 
also known as vitamin K,. Bacteria synthesize a 
range of vitamin K forms using repeating 5-car- 
bon units in the side chain of the molecule. These 
forms of vitamin K are designated menaquinone- 
n (Mk-n), where n stands for the number of 
5-carbon units. MK-n forms are collectively re- 
ferred to as vitamin K, MK-4 is not produced in 
significant amounts by bacteria; instead, it ap- 
pears to be synthesized by animals (including hu- 
mans) from phylloquinone. MK-4 is also formed 
from menadione, a synthetic form of vitamin K 
present in animal feed. It is found in a number of 
organs other than the liver at higher concentra- 
tions than phylloquinone.? This fact, together 
with the existence of a unique pathway for its 
synthesis, suggests that MK-4 has a unique bio- 
logical function that has not yet been identified.‘ 


Function 


The only known biological role of vitamin K is as 
a cofactor for an enzyme that catalyzes the car- 
boxylation of the amino acid, glutamic acid, re- 
sulting in its conversion to y-carboxyglutamic 
acid (Gla).° Although vitamin K-dependent y- 
carboxylation occurs only on specific glutamic 
acid residues in a small number of vitamin K-de- 
pendent proteins, it is critical to the calcium- 
binding function of those proteins.®’ 


Coagulation 


The ability to bind calcium ions (Ca?*) is required 
for the activation of the seven vitamin K-depen- 
dent clotting factors, or proteins, in the coagula- 
tion cascade. The term coagulation cascade refers 
to a series of events, each dependent on the 
other, that stop bleeding through clot formation. 


Vitamin K-dependent y-carboxylation of specific 
glutamic acid residues in those proteins makes it 
possible for them to bind calcium. Factors II (pro- 
thrombin), VII, IX, and X make up the core of the 
coagulation cascade. Protein Z appears to en- 
hance the action of thrombin (the activated form 
of prothrombin) by promoting its association 
with phospholipids in cell membranes. Protein C 
and protein S are anticoagulant proteins that pro- 
vide control and balance in the coagulation cas- 
cade; protein Z also has an anticoagulatory func 
tion. Control mechanisms for the coagulation 
cascade exist, because uncontrolled clotting may 
be as life threatening as uncontrolled bleeding. 
Vitamin K-dependent coagulation factors are 
synthesized in the liver. Consequently, severe 
liver disease results in lower blood levels of vita- 
min K-dependent clotting factors and an in- 
creased risk of uncontrolled bleeding (hemor- 
rhage). 

Some people are at risk of forming clots, 
which could block the flow of blood in the arter- 
ies of the heart, brain, or lungs, resulting in heart 
attack, stroke, or pulmonary embolism, respec 
tively. Some oral anticoagulants, such as warfa- 
rin, inhibit coagulation through antagonism of 
the action of vitamin K. Although vitamin K is a 
fat-soluble vitamin, the body stores very little of 
it, and its stores are rapidly depleted without 
regular dietary intake. Perhaps, because of its 
limited ability to store vitamin K, the body recy- 
cles it through a process called the vitamin K cy- 
cle. This cycle allows a small amount of vitamin K 
to function in the y-carboxylation of proteins 
many times, decreasing the dietary requirement. 
Warfarin prevents the recycling of vitamin K by 
inhibiting two important reactions and creating 
a functional vitamin K deficiency (Fig. 13.1). In- 
adequate y-carboxylation of vitamin K-depen- 
dent coagulation proteins interferes with the co- 
agulation cascade, which inhibits blood clot for- 
mation. Large quantities of dietary or supple- 
mental vitamin K can overcome the anticoagulant 
effect of vitamin K antagonists, so patients taking 
these drugs are cautioned against consuming 
very large or highly variable quantities of vita- 
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Fig. 13.1 The vitamin K cycle. Warfarin is a vitamin K antagonist that inhibits the recycling of vitamin K at two dithiol- 


dependent steps. 


min K in their diets. Experts now advise a reason- 
ably constant dietary intake of vitamin K that 
meets current dietary recommendations (90- 
120 pg/day) for patients on vitamin K antagonists 
such as warfarin.? 


Bone Mineralization 


Three vitamin-K dependent proteins have been 
isolated in bone: osteocalcin, matrix Gla protein 
(MGP), and protein S. Osteocalcin (also called 
bone Gla protein) is a protein synthesized by os- 
teoblasts (bone-forming cells). The synthesis of 
osteocalcin by osteoblasts is regulated by the ac 
tive form of vitamin D, 1,25-dihydroxyvitaminD, 
or calcitriol. The mineral-binding capacity of 
osteocalcin requires vitamin K-dependent 
y-carboxylation of three glutamic acid residues. 
The function of osteocalcin is unclear but is 
thought to be related to bone mineralization. 
MGP has been found in bone, cartilage, and soft 
tissue, including blood vessels. The results of ani- 
mal studies suggest that MGP prevents the calci- 
fication of soft tissue and cartilage, while facili- 


tating normal bone growth and development. 
The vitamin K-dependent anticoagulant pro- 
tein S is also synthesized by osteoblasts, but its 
role in bone metabolism is unclear. Children with 
inherited protein S deficiency suffer complica- 
tions related to increased blood clotting as well 
as decreased bone density.”!%!! 


Cell Growth 


Gas6 is a vitamin K-dependent protein that was 
identified in 1993. It has been found throughout 
the nervous system, as well in the heart, lungs, 
stomach, kidneys, and cartilage. Although the ex- 
act mechanism of its action has not been deter- 
mined, Gas6 appears to be a cellular growth reg- 
ulation factor with cell-signaling activities. Gas6 
appears to be important in diverse cellular func- 
tions, including cell adhesion, cell proliferation, 
and protection against apoptosis.® It may also 
play important roles in the developing and aging 
nervous system.'*!3 Further, Gas6 appears to 
regulate platelet signaling and vascular homeo- 
stasis.!4 


Deficiency 


Deficiency 


Overt vitamin K deficiency results in impaired 
blood clotting, usually demonstrated by labora- 
tory tests that measure clotting time. Symptoms 
include easy bruising and bleeding that may 
manifest as nosebleeds, bleeding gums, blood in 
the urine, blood in the stool, tarry black stools, or 
extremely heavy menstrual bleeding. In infants, 
vitamin K deficiency may result in life-threaten- 
ing bleeding within the skull (intracranial hem- 
orrhage).® 


Adults. Vitamin K deficiency is uncommon in 

healthy adults for a number of reasons: 

e Vitamin K is widespread in foods. 

e The vitamin K cycle conserves vitamin K. 

e Bacteria that normally inhabit the large intes- 
tine synthesize menaquinones (vitamin K3), 
although it is unclear whether significant 
amounts are absorbed and utilized. 


Adults at risk of vitamin K deficiency include 
those taking vitamin K antagonist anticoagulant 
drugs and individuals with significant liver dam- 
age or disease.’ In addition, individuals with dis- 
orders of fat malabsorption may be at increased 
risk of vitamin K deficiency.® 


Infants. Newborn babies who are exclusively 
breast-fed are at increased risk of vitamin K defi- 
ciency, because human milk is relatively low in 
vitamin K compared with formula. Newborn in- 
fants, in general, have low vitamin K status for 
the following reasons: 

e Vitamin K is not easily transported across the 
placental barrier. 

The newborn's intestines are not yet colonized 
with bacteria that synthesize menaquinones. 
The vitamin K cycle may not be fully functional 
in newborn infants, especially premature in- 
fants.® 


Infants whose mothers are on anticonvulsant 
medication to prevent seizures are also at risk of 
vitamin K deficiency. Vitamin K deficiency in 
newborn infants may result in a bleeding disor- 
der called vitamin K deficiency bleeding (VKDB). 
As VKDB is life threatening and easily prevented, 
the American Academy of Pediatrics and a num- 
ber of similar international organizations recom- 


mend that an injection of phylloquinone (vita- 
min K,) be administered to all newborns. 


Controversy Surrounding Vitamin K 
Administration and Newborn Infants 


Vitamin K and childhood leukemia. In the early 
1990s, two retrospective studies were published 
suggesting a possible association between vita- 
min K injections in newborn infants and the de- 
velopment of childhood leukemia and other 
forms of childhood cancer. However, two large 
retrospective studies in the United States and 
Sweden that reviewed the medical records of 
54000 and 1.3 million children, respectively, 
found no evidence of a relationship between 
childhood cancers and vitamin K injections at 
birth.'°'” Moreover, a pooled analysis of six case- 
control studies, including 2431 children diag- 
nosed with childhood cancer and 6338 cancer- 
free children, found no evidence that vitamin K 
injections for newborn infants increased the risk 
of childhood leukemia.'* In a policy statement, 
the American Academy of Pediatrics recom- 
mended that routine vitamin K prophylaxis for 
newborn infants be continued because VKDB is 
life threatening and the risks of cancer are un- 
proven and unlikely.’ 


Lower doses of vitamin K, for premature in- 
fants. The results of two studies of vitamin K lev- 
els in premature infants suggest that the stan- 
dard initial dose of vitamin K, for full-term in- 
fants (1.0 mg) may be too high for premature in- 
fants.2°?! These findings have led some experts 
to suggest the use of an initial vitamin K, dose of 
0.3 mg/kg for infants with birth weights less than 
1000 ¢ (2]lb 30z), and an initial dose of 0.5 mg 
would probably prevent hemorrhagic disease in 
newborn infants.”° 


Adequate Intake 


In January 2001, the Food and Nutrition Board 
(FNB) of the Institute of Medicine established the 
adequate intake (AI) level for vitamin K in the 
United States based on consumption levels of 
healthy individuals (Table 13.1). The AI for in- 
fants was based on estimated intake of vitamin K 
from breast milk.?2 


109 


13 Vitamin K 


Table 13.1 Adequate intake for vitamin K 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 
Pregnancy <18 
Pregnancy 219 
Breast-feeding <18 
Breast-feeding 219 


Disease Prevention 


Osteoporosis 


The discovery of vitamin K-dependent proteins 
in bone has led to research on the role of vita- 
min K in maintaining bone health. 


Dietary vitamin K and osteoporotic fracture. Ep- 
idemiological studies have demonstrated a rela- 
tionship between vitamin K and age-related 
bone loss (osteoporosis). The Nurses’ Health 
Study followed more than 72000 women for 
10 years. In an analysis of this cohort, women 
whose vitamin K intakes were in the lowest quin- 
tile (one-fifth) had a 30% higher risk of hip frac- 
ture than women with vitamin K intakes in the 
highest four quintiles.2? A study in over 800 el- 
derly men and women, followed in the Framing- 
ham Heart Study for 7 years, found that men and 
women with dietary vitamin K intakes in the 
highest quartile (one-fourth) had a 65% lower 
risk of hip fracture than those with dietary vita- 
min K intakes in the lowest quartile (approxi- 
mately 250pg/day vs. 50ug/day of vitamin K). 
However, the investigators found no association 
between dietary vitamin K intake and bone min- 
eral density (BMD) in the Framingham partici- 
pants.*4 Other studies have not observed a rela- 
tionship between dietary vitamin K intake and 
measures of bone strength, BMD, or fracture inci- 
dence.?>6 As the primary dietary source of vita- 
min K is generally green leafy vegetables, high 


` Males (g/day) Females (g/day) 


2.0 2.0 
2.5 0 25 
30 30 
55 55 
60 60 
75 75 
120 90 
a 75 
2 90 
= 75 
= 90 


vitamin K intake could just be a marker for a 
healthy diet that is high in vegetables.?’ 


Vitamin K-dependent carboxylation of osteocal- 
cin and osteoporotic fracture. Osteocalcin, a 
bone-related protein that circulates in the blood, 
has been shown to be a sensitive marker of bone 
formation. Vitamin K is required for the y- 
carboxylation of osteocalcin. Undercarboxylation 
of osteocalcin adversely affects its capacity to 
bind to bone mineral, and the degree of osteocal- 
cin y-carboxylation has been found to be a sensi- 
tive indicator of vitamin K nutritional status.‘ 
Circulating levels of undercarboxylated osteocal- 
cin (ucOC) were found to be higher in postmeno- 
pausal women than premenopausal women and 
markedly higher in women over the age of 70. In 
a study of 195 institutionalized elderly women, 
the relative risk of hip fracture was six times 
higher in those who had elevated ucOC levels at 
the beginning of the study.” In a much larger 
sample of 7500 elderly women living indepen- 
dently, circulating ucOC was also predictive of 
fracture risk.22 Although vitamin K deficiency 
would seem the most likely cause of elevated 
blood ucOC, investigators have also documented 
an inverse relationship between measures of 
vitamin D nutritional status and ucOC levels, as 
well as a significant lowering of ucOC by vita- 
min D supplementation.’ It is also possible that 
an increased ucOC level is a marker for poor over- 
all nutritional status, including vitamin D or pro- 
tein. 


Vitamin K antagonists and osteoporotic frac 
ture. Certain oral anticoagulants, such as warfa- 
rin, are known to be antagonists of vitamin K. At 
least two studies have examined the chronic use 
of warfarin and risk of fracture in older women. 
One study reported no association between long- 
term warfarin treatment and fracture risk,22 
whereas the other found a significantly higher 
risk of rib and vertebral fractures in warfarin us- 
ers compared with nonusers.?! In addition, a 
study in elderly patients with atrial fibrillation 
reported that long-term warfarin treatment was 
associated with a significantly higher risk of os- 
teoporotic fracture in men but not in women.?? A 
meta-analysis of the results of 11 published stud- 
ies found that oral anticoagulation therapy was 
associated with a very modest reduction in bone 
density at the wrist and no change in bone den- 
sity at the hip or spine.?3 


Vitamin K supplementation studies and osteopo- 
rosis. Vitamin K supplementation of 1000ug 
(1 mg)/day of phylloquinone (vitamin K,) for 2 
weeks (more than 10 times the AI for vitamin K) 
resulted in a decrease of ucOC levels in post- 
menopausal women, as well as increases in sev- 
eral biochemical markers of bone formation. In 
Japan, intervention trials in hemodialysis pa- 
tients and osteoporotic women using very high 
pharmacological doses (45 mg/day) of menatet- 
renone (MK-4) have reported significant reduc 
tions in the rate of bone loss.*47> MK-4 is not 
found in significant amounts in the diet, but it 
can be synthesized in small amounts by humans 
from phylloquinone. A recent meta-analysis of 
seven Japanese randomized controlled trials as- 
sociated MK-4 supplementation with increased 
BMD and reduced fracture incidence,** but this 
meta-analysis did not include data from an un- 
published study that reported no effect on frac 
ture risk.3” Nevertheless, the meta-analysis*® re- 
ported that MK-4 supplementation lowered risk 
for vertebral fractures by 60%, hip fractures by 
77%, and nonvertebral fractures by 81%; all asso- 
ciations were statistically significant. Six of the 
individual trials employed 45mg MK-4 daily, 
whereas one trial used 15 mg MK-4 daily*® The 
45 mg/day dose of MK-4 was also used in a more 
recent 3-year placebo-controlled intervention 
trial in 325 postmenopausal women. This study 
found that supplemental MK-4 improved mea- 
sures of bone strength compared with placebo.*® 


Disease Prevention 


The doses used in most of the cited studies are 
about 500 times higher than the Al for vitamin K. 
Some experts are not sure whether the effects of 
such high doses of MK-4 represent a true vitamin 
K effect. 

Long-term clinical trials of phylloquinone 
supplementation at doses attainable by dietary 
intake (200-1000 g/day) have reported mixed 
results with respect to effects on BMD.?9-4! Phyl- 
loquinone supplementation at these levels does 
not appear to benefit older individuals who are 
also taking vitamin D and calcium supplements.*! 
Thus, evidence of a relationship between vita- 
min K nutritional status and bone health in adults 
is considered weak. Further investigation is re- 
quired to determine the physiological function of 
vitamin k-dependent proteins in bone and the 
mechanisms by which vitamin K affects bone 
health and osteoporotic fracture risk.’ 


Vascular Calcification and 
Cardiovascular Disease 


One of the hallmarks of cardiovascular disease is 
the formation of atherosclerotic plaques in arte- 
rial walls. Calcification of atherosclerotic plaques 
occurs as the condition progresses, resulting in 
decreased elasticity of the affected vessels and 
increased risk of clot formation, the usual cause 
of a heart attack or stroke. A prospective cohort 
study in 807 men and women, aged 39-45 years, 
did not find a correlation between dietary vita- 
min K, intake and coronary artery calcification, 
as measured by electron-beam computed tomog- 
raphy.” In addition, vitamin K, intake was not 
associated with calcification of breast arteries in 
a cross-sectional study of 1689 women, aged 
49-70 years.*? A population-based study of post- 
menopausal women, aged 60-79 years, found 
that women aged 60-69 with aortic calcifica- 
tions had lower vitamin K intakes than those 
without aortic calcifications, but this was not 
true for older women.44 The mechanism by 
which vitamin K may promote mineralization of 
bone, while inhibiting mineralization (calcifica- 
tion) of vessels, is not entirely clear. One hypoth- 
esis is based on the function of MGP, which has 
been found to inhibit the calcification of cartilage 
and bone during early embryonic development. 
Some investigators have hypothesized that high 
levels of MGP found in calcified vessels may rep- 
resent a defense against vessel calcification, but 
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that inadequate vitamin K nutritional status re- 
sults in inadequate carboxylation and, presum- 
ably, inactive MGP. 

Thus, insufficient dietary vitamin K may in- 
crease the risk of vascular calcification. Support 
for this hypothesis comes from a small human 
study that employed conformation-specific anti- 
bodies against MGP to examine whether im- 
paired carboxylation of this protein possibly con- 
tributes to arterial calcification. In healthy indi- 
viduals, undercarboxylated MGP (uc MGP) was 
not detected in the innermost lining of the ca- 
rotid artery; in contrast, most MGP in the carotid 
arterial lining of patients with atherosclerosis 
was undercarboxylated.*° Serum ucMGP may be 
decreased in those at risk of cardiovascular calci- 
fication due to deposition of ucMGP in local areas 
of vascular calcification.*’” Further investigations 
are necessary to establish the nature of the role 
of bone proteins such as MGP in human athero- 
sclerotic plaque calcification. 


Sources 


Food Sources 


Phylloquinone (vitamin K,) is the major dietary 
form of vitamin K. Green leafy vegetables and 
some vegetable oils (soybean, cottonseed, canola, 
and olive) are major contributors of dietary vita- 
min K. Hydrogenation of vegetable oils may de- 


Table 13.2 Food sources of vitamin K 


Food Serving Vitamin K (yg) 
Kale, raw 1 cup, chopped 547 
Swiss chard, raw 1 cup 299 
Parsley, raw Ys cup 246 
Broccoli, cooked 1 cup, chopped 220 
Spinach, raw 1 cup 145 
Watercress, raw 1cup,chopped 85 
Leaf lettuce, 1 cup, shredded 62.5 
green, raw 

Soybean oil 1 tablespoon 25 
Canola oil 1 tablespoon 16.6 
Olive oil 1 tablespoon 8.1 
Mayonnaise 1 tablespoon 3.7 


crease the absorption and biological effect of di- 
etary vitamin K.48 A number of good sources of 
vitamin K are listed in Table 13.2. 


Intestinal Bacteria 


Bacteria that normally colonize the large intes- 
tine synthesize menaquinones (vitamin K3), 
which are an active form of vitamin K. Until re- 
cently it was thought that up to 50% of the hu- 
man vitamin K requirement might be met by 
bacterial synthesis. However, research indicates 
that the contribution of bacterial synthesis is 
much less than previously thought, although the 
exact contribution remains unclear.*? 


Supplements. In the United States, vitamin K; is 
available without a prescription in multivitamin 
and other supplements in doses that generally 
range from 10p1g to 120g per supplement.°° A 
form of vitamin K, menatetrenone (MK-4), has 
been used to treat osteoporosis in Japan and is 
currently under study in the United States.°! 


Safety 
Toxicity 


Although allergic reaction is possible, there is no 
known toxicity associated with high doses of the 
phylloquinone (vitamin K,) or menaquinone (vi- 
tamin K,) forms of vitamin K. The same is not 
true for synthetic menadione (vitamin K;) and its 
derivatives. Menadione can interfere with the 
function of glutathione, one of the body’s natural 
antioxidants, resulting in oxidative damage to 
cell membranes. Menadione given by injection 
has induced liver toxicity, jaundice, and hemo- 
lytic anemia (due to the rupture of red blood 
cells) in infants; therefore, menadione is no lon- 
ger used for treatment of vitamin K deficiency.®® 
No tolerable upper intake level has been estab- 
lished for vitamin K.22 


Nutrient Interactions 


Large doses of vitamin A and vitamin E have been 
found to antagonize vitamin K.8 Excess vitamin A 
appears to interfere with vitamin K absorption, 
whereas a form of vitamin E (tocopherol qui- 
none) may inhibit vitamin K-dependent carbox- 
ylase enzymes. One study in adults with normal 


Safety 
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coagulation status found that supplementation 
with 1000 1U vitamin E for 12 weeks decreased 
y-carboxylation of prothrombin, a vitamin K-de- 
pendent protein.°* A vitamin E-vitamin K inter- 
action has also been reported in patients taking 
anticoagulatory drugs such as warfarin. Hemor- 
rhage (excessive bleeding) was reported in a man 
taking 5mg warfarin and 12001U vitamin E 
daily.” 


Drug Interactions 


The anticoagulant effect of vitamin K antagonists 
(e.g., warfarin) may be inhibited by very high di- 
etary or supplemental vitamin K intake. It is gen- 
erally recommended that individuals using war- 
farin try to consume the AI for vitamin K (90- 
120 ug), while avoiding large fluctuations in vita- 
min K intake that might interfere with the 
adjustment of their anticoagulant dose.? When 
given to pregnant women, warfarin, anticonvul- 
sants, rifampin, and isoniazid can interfere with 
fetal vitamin K synthesis and place the newborn 
infant at increased risk of vitamin K deficiency.!> 
Other drugs can interfere with endogenous syn- 
thesis of vitamin K or with vitamin K recycling. 
Prolonged use of broad-spectrum antibiotics 
may decrease vitamin K synthesis by intestinal 
bacteria. Cephalosporins and salicylates may de- 
crease vitamin K recycling by inhibiting vita- 
min K epoxide reductase. Further, cholestyr- 
amine, colestipol, orlistat, mineral oil, and the fat 
substitute olestra may decrease vitamin K ab- 
sorption.*° 


LPI Recommendation 


Although the Al for vitamin K was recently increased, it 
is not clear if it will be enough to optimize the 
y-carboxylation of vitamin K-dependent proteins in 
bone. Multivitamins generally contain 10-25 pg vita- 
min K, whereas vitamin K or “bone” supplements may 
contain 100-120 ug vitamin K. To consume the amount 
of vitamin K associated with a decreased risk of hip frac 
ture in the Framingham Heart Study (about 250 yg/ 
day), an individual would need to eat a little more than 
half a cup of chopped broccoli or a large salad of mixed 
greens every day. Although the dietary intake of vita- 
min K required for optimal function of all vitamin K-de- 
pendent proteins is not yet known, the Linus Pauling 
Institute recommends taking a multivitamin/mineral 
supplement and eating at least one cup of dark-green 
leafy vegetables daily. Replacing dietary saturated fats 
such as butter and cheese with monounsaturated fats 


found in olive oil and canola oil will also increase dietary 
vitamin K intake and may also decrease the risk of car- 
diovascular diseases. 


Older Adults 

As older adults are at increased risk of osteoporosis and 
hip fracture, the above recommendation for a multivi- 
tamin/mineral supplement and at least one cup of dark- 
green leafy vegetables per day is especially relevant. 
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14 Calcium 


Calcium is the most common mineral in the hu- 
man body. About 99% of the calcium in the body 
is found in bones and teeth, whereas the other 1% 
is found in the blood and soft tissues. Calcium 
levels in the blood and fluid surrounding the cells 
(extracellular fluid) must be maintained within a 
very narrow concentration range for normal 
physiological functioning. The physiological 
functions of calcium are so vital to survival that 
the body will demineralize bone to maintain nor- 
mal blood calcium levels when calcium intake is 
inadequate. Thus, adequate dietary calcium is a 
critical factor in maintaining a healthy skeleton.! 


Function 


Structure 


Calcium is a major structural element in bones 
and teeth. The mineral component of bone con- 
sists mainly of hydroxyapatite [Caj9(PO,),(OH).| 
crystals, which contain large amounts of calcium 
and phosphate.” Bone is a dynamic tissue that is 
remodeled throughout life. Bone cells called os- 
teoclasts begin the process of remodeling by dis- 
solving or resorbing bone. Bone-forming cells 
called osteoblasts then synthesize new bone to 
replace the bone that was resorbed. During nor- 
mal growth, bone formation exceeds bone re- 
sorption. Osteoporosis may result when bone 
resorption chronically exceeds formation.! 


Cell Signaling 


Calcium plays a role in mediating the constric 
tion and relaxation of blood vessels (vasocon- 
striction and vasodilation), nerve impulse trans- 
mission, muscle contraction, and secretion of 
hormones such as insulin.? Excitable cells, such 
as skeletal muscle and nerve cells, contain volt- 
age-dependent calcium channels in their cell 
membranes that allow for rapid changes in cal- 
cium concentrations. For example, when a mus- 
cle fiber receives a nerve impulse that stimulates 
it to contract, calcium channels in the cell mem- 
brane open to allow a few calcium ions into the 


muscle cell. These calcium ions bind to activator 
proteins within the cell, which release a flood of 
calcium ions from storage vesicles inside the cell. 
The binding of calcium to the protein troponin C 
initiates a series of steps that lead to muscle con- 
traction. The binding of calcium to the protein 
calmodulin activates enzymes that break down 
muscle glycogen to provide energy for muscle 
contraction.! 


Cofactor for Enzymes and Proteins 


Calcium is necessary to stabilize a number of 
proteins and enzymes, optimizing their activi- 
ties. The binding of calcium ions is required for 
the activation of the seven “vitamin K-depen- 
dent” clotting factors in the coagulation cascade. 
The term coagulation cascade refers to a series of 
events, dependent on each other, that stops 
bleeding through clot formation.4 


Regulation of Calcium Levels 


Calcium concentrations in the blood and fluid 
that surrounds cells are tightly controlled in or- 
der to preserve normal physiological function 
(Fig. 14.1). When blood calcium decreases (e.g., 
in the case of inadequate calcium intake), cal- 
cium-sensing proteins in the parathyroid glands 
send signals that result in the secretion of para- 
thyroid hormone (PTH).° PTH stimulates the con- 
version of vitamin D to its active form, calcitriol, 
in the kidneys. Calcitriol increases the absorption 
of calcium from the small intestine. Together 
with PTH, calcitriol stimulates the release of cal- 
cium from bone by activating osteoclasts and de- 
creases the urinary excretion of calcium by in- 
creasing its reabsorption in the kidneys. When 
blood calcium rises to normal levels, the parathy- 
roid glands stop secreting PTH and the kidneys 
begin to excrete any excess calcium in the urine. 
Although this complex system allows for rapid 
and tight control of blood calcium levels, it does 
so at the expense of the skeleton.! 
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Fig. 14.1 Regulation of serum calcium. Calcium-sensing 
proteins in the parathyroid glands sense serum calcium 
levels. In response to slight declines in serum calcium, the 
parathyroid glands secrete parathyroid hormone (PTH). 
PTH stimulates the activity of the 1-hydroxylase enzyme 
in the kidney, resulting in increased production of calcitri- 
ol, the biologically active form of vitamin D. Calcitriol acts 
to restore normal serum calcium levels in three ways: (1) 


Deficiency 


A low blood calcium level usually implies abnor- 
mal parathyroid function and is rarely due to low 
dietary calcium intake because the skeleton pro- 
vides a large reserve of calcium for maintaining 
normal blood levels. Other causes of abnormally 
low blood calcium levels include chronic kidney 
failure, vitamin D deficiency, and low blood mag- 
nesium levels which occur mainly in cases of se- 
vere alcoholism. Magnesium deficiency results in 
a decrease in the responsiveness of osteoclasts to 
PTH. A chronically low calcium intake in growing 
individuals may prevent the attainment of opti- 
mal peak bone mass. Once peak bone mass is 
achieved, inadequate calcium intake may con- 
tribute to accelerated bone loss and ultimately to 
the development of osteoporosis.! 


by activating the vitamin D-dependent transport system 
in the small intestine, increasing the absorption of dietary 
calcium; (2) by increasing the mobilization of calcium 
from bone into the circulation; and (3) by increasing the 
reabsorption of calcium by the kidneys. PTH is also re- 
quired to increase bone calcium mobilization and calcium 
reabsorption by the kidneys. 


Nutrient Interactions 


Vitamin D. Vitamin D is required for optimal cal- 
cium absorption. Several other nutrients (and 
non-nutrients) influence the retention of cal- 
cium by the body and may affect calcium nutri- 
tional status. 


Sodium. High sodium intake results in increased 
loss of calcium in the urine, possibly due to com- 
petition between sodium and calcium for reab- 
sorption in the kidney or by an effect of sodium 
on PTH secretion. Each 2.3 g increment of sodium 
(5.8g salt or NaCl) excreted by the kidney has 
been found to draw about 24-40 mg calcium into 
the urine. As urinary losses account for about half 
the difference in calcium retention among indi- 
viduals, dietary sodium has a large potential to 
influence bone loss. In women, each extra gram 
of sodium consumed per day is projected to pro- 


Deficiency 


duce an additional rate of bone loss of 1% per year 
if all the calcium loss comes from the skeleton. 

Although animal studies have shown bone 
loss to be greater with high-salt intakes, no con- 
trolled clinical trials have been conducted to con- 
firm the relationship between salt intake and 
bone loss in humans. However, a 2-year study 
of postmenopausal women found increased uri- 
nary sodium excretion (an indicator of increased 
sodium intake) to be associated with decreased 
bone mineral density (BMD) at the hip.’ In addi- 
tion, a longitudinal study in 40 postmenopausal 
women found that adherence to a low-sodium 
diet (2 g/day) for 6 months was associated with 
significant reductions in sodium excretion, calci- 
um excretion, and amino-terminal propeptide of 
type | collagen, a biomarker of bone resorption. 
However, these associations were observed only 
in women with baseline urinary sodium excre- 
tion of 3.4¢/day or more (i.e., the mean sodium 
intake for the US adult population). Racial differ- 
ences for the effect of dietary sodium on urinary 
sodium and calcium excretion and retention 
have been reported in adolescent girls. White 
girls excreted the extra sodium on a high-salt 
diet, but black girls went into positive sodium 
balance, which resulted in reduced urinary cal- 
cium loss compared with white girls.’ 


Protein. As dietary protein intake increases, the 
urinary excretion of calcium also increases. Rec 
ommended calcium intakes for the US popula- 
tion are higher than those for populations of less 
industrialized nations because protein intake in 
the United States is generally higher. The US rec 
ommended dietary allowance (RDA) for protein 
is 46g/day for women and 56g/day for men; 
however, the average intake of protein in the 
United States tends to be higher (65-70 g/day in 
women and 90-110 g/day in men).? Recently, the 
overall calcium economy has not been demon- 
strated to be affected by dietary protein, partly 
due to offsetting changes in calcium absorp- 
tion.!? Inadequate protein intakes have been as- 
sociated with poor recovery from osteoporotic 
fractures and serum albumin values (an indicator 
of protein nutritional status) have been found to 
be inversely related to hip fracture risk. 


Phosphorus. Phosphorus, which is typically 
found in protein-rich foods, tends to decrease the 
excretion of calcium in the urine. However, phos- 


phorus-rich foods also tend to increase the calci- 
um content of digestive secretions, resulting in 
increased calcium loss in the feces. Thus, phos- 
phorus does not offset the net loss of calcium as- 
sociated with increased protein intake.! Increas- 
ing intakes of phosphates from soft drinks and 
food additives have caused concern among some 
researchers regarding the implications for bone 
health, Diets high in phosphorus and low in cal- 
cium have been found to increase PTH secretion, 
as have diets low in calcium.?® Although the ef- 
fect of high phosphorus intakes on calcium bal- 
ance and bone health is currently unclear, the 
substitution of large quantities of soft drinks for 
milk or other sources of dietary calcium is cause 
for concern with respect to bone health in ado- 
lescents and adults. 


Caffeine. Caffeine in large amounts increases 
urinary calcium content for a short time. How- 
ever, caffeine intakes of 400 mg/day did not sig- 
nificantly change urinary calcium excretion over 
24 hours in premenopausal women when com- 
pared with a placebo.'' Although one observa- 
tional study found accelerated bone loss in post- 
menopausal women who consumed less than 
744 mg of calcium per day and reported that they 
drank 2 to 3 cups of coffee per day,'* a more re- 
cent study that measured caffeine intake found 
no association between caffeine intake and bone 
loss in postmenopausal women."? On average, 
one 8-0z (224 g) cup of coffee decreases calcium 
retention by only 2-3 mg.! 


Recommended Dietary Allowance 


Updated recommendations for calcium intake 
based on the optimization of bone health were 
released by the Food and Nutrition Board (FNB) 
of the Institute of Medicine in 2010. The Recom- 
mended Dietary Allowance (RDA) for calcium is 
listed in Table 14.1 by life stage and gender. 
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ge a C 


Table 14.1 Recommended dietary intake (RDA) for calcium 


Life stage Age i 
Infants 0-6 months 
Infants 6-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 19-50 years 
Adults 51-70 years 
Adults 271 years 
Pregnancy <18 years 
Pregnancy 219 years 
Breast-feeding <18 years 
Breast-feeding 219 years 


Al, adequate intake. 


Disease Prevention 


Colorectal Cancer 


Colorectal cancer is the most common gastroin- 
testinal cancer and the second leading cause of 
cancer deaths in the United States. Colorectal 
cancer is caused by a combination of genetic and 
environmental factors, but the degree to which 
these two types of factors influence the risk of 
colon cancer in individuals varies widely. In indi- 
viduals with familial adenomatous polyposis, the 
cause of colon cancer is thought to be almost en- 
tirely genetic, whereas dietary factors appear to 
influence the risk for other types of colon cancer. 
Animal studies are strongly supportive of a pro- 
tective role for calcium in preventing intestinal 
cancers.'* In humans, controlled clinical trials 
have found modest decreases in the recurrence 
of colorectal adenomas (precancerous polyps) 
with calcium supplementation of 1200-2000 mg/ 
day,'>!® and a recent study found that the protec 
tive effect extended up to 5 years after the inter- 
vention ended.” A pooled analysis of 10 prospec- 
tive cohort studies, including 534536 men and 
women, found that those in the highest quintile 
(one-fifth) of calcium intake (from food) had a 
14% lower risk of colorectal cancer compared 
with those in the lowest quintile; dietary intakes 
of calcium ranged from 674 mg/day to 1051 mg/ 
day in the 10 cohorts.'® In this pooled analysis, 
participants in the highest quintile of total cal- 


Males (mg/day) Females (mg/day) 
200 (Al) 200 (Al) 
260 (Al) 260 (Al) 
700 700 
1000 1000 
1300 1300 
1300 1300 
1000 1000 
1000 1200 
1200 1200 

= 1300 

= 1000 

= 1300 

= 1000 


cium intake (from food and supplements) had a 
22% lower risk of colorectal cancer. Total daily 
intake of calcium ranged from 732 mg to 1087 mg 
in the examined studies. However, most large 
prospective studies, individually, have reported 
that increased calcium intakes are only weakly 
associated with a decreased risk of colorectal 
cancer. 

These weak associations might be explained 
by the presence of groups within the population 
that differ in their response to calcium. For in- 
stance, there is some evidence that individuals 
with increased circulating levels of insulin-like 
growth factor-1 (IGF-1) are at increased risk of 
colorectal cancer, and increased calcium intake 
may benefit this subgroup more than others. A 
case-control study of 511 men found that in- 
creased calcium intake was more strongly associ- 
ated with decreased colorectal cancer risk in men 
with higher circulating levels of IGF-1.'9 Before 
conclusions can be drawn, more research is 
needed to clarify whether specific subgroups in 
the larger population have different calcium re- 
quirements with respect to decreasing the risk of 
colorectal cancer. 


Osteoporosis 


Osteoporosis is a skeletal disorder in which bone 
strength is compromised, resulting in an in- 
creased risk of fracture. Sustaining a hip fracture 


is one of the most serious consequences of osteo- 
porosis. Nearly one-third of those who sustain 
osteoporotic hip fractures enter nursing homes 
within the year following the fracture, and one 
person in five dies within 1 year of experiencing 
an osteoporotic hip fracture. Although osteopo- 
rosis is most commonly diagnosed in white post- 
menopausal women, women of other racial 
groups and ages, men, and children may also de- 
velop osteoporosis.2° 

Osteoporosis is a multifactorial disorder, and 
nutrition is only one factor contributing to its de- 
velopment and progression.* Other factors that 
increase the risk of developing osteoporosis in- 
clude, but are not limited to, increased age, fe- 
male gender, estrogen deficiency, smoking, met- 
abolic disease (e.g., hyperthyroidism), and the 
use of certain medications (e.g., corticosteroids 
and anticonvulsants). A predisposition to osteo- 
porotic fracture is related to one’s peak bone 
mass and to the rate of bone loss after peak bone 
mass has been attained. After adult height has 
been reached, the skeleton continues to accumu- 
late bone until the third decade of life. Genetic 
factors exert a strong influence on peak bone 
mass, but lifestyle factors can also play a signifi- 
cant role. Strategies for reducing the risk of os- 
teoporotic fracture include the attainment of 
maximal peak bone mass and the reduction of 
bone loss later in life. Although calcium is the nu- 
trient consistently found to be most important 
for attaining peak bone mass and preventing os- 
teoporosis, adequate vitamin D intake is also re- 
quired for optimal calcium absorption.”° 

Physical exercise is another lifestyle factor of 
benefit in the prevention of osteoporosis and os- 
teoporotic fracture. There is evidence to suggest 
that physical activity early in life contributes to 
the attainment of higher peak bone mass. Exer- 
cise in the presence of adequate calcium and vi- 
tamin D intake probably has a modest effect on 
slowing the rate of bone loss later in life. One 
compilation of published calcium trials indicated 
that the beneficial skeletal effect of increased 
physical activity was achievable only at calcium 
intakes above 1000 mg/day.” High impact exer- 
cise and resistance exercise (weights) are likely 
the most beneficial for preventing bone loss. 
Lower impact exercise such as walking, swim- 
ming, and cycling have beneficial effects on other 
aspects of health and function, but their effects 
on bone loss are minimal. However, exercise later 


Disease Prevention 


in life, even beyond 90 years of age, can still in- 
crease strength and reduce the likelihood of a 
fall, another important risk factor for hip frac 
ture.2° Supplemental calcium alone cannot usu- 
ally restore lost bone in individuals with osteo- 
porosis. However, optimal treatment of osteopo- 
rosis with any drug therapy also requires ade- 
quate intake of calcium (1200mg/day) and 
vitamin D (600 1U/day).22° 


Kidney Stones 


Approximately 12% of the US population will 
have a kidney stone at some time. Most kidney 
stones are composed of calcium oxalate or calci- 
um phosphate. Although their cause is usually 
unknown, abnormally elevated urinary calcium 
(hypercalciuria) increases the risk of developing 
calcium stones. Increasing dietary calcium in- 
creases urinary calcium slightly, and the rise is 
more pronounced in those with hypercalciuria. 
However, other dietary factors such as sodium 
and protein are also known to increase urinary 
calcium.?23 A large prospective study that fol- 
lowed men over a period of 12 years found the 
incidence of symptomatic kidney stones to be 
44% lower in men in the highest quintile of cal- 
cium intake, averaging 1326 mg/day, compared 
with men in the lowest quintile of calcium in- 
take, averaging 516me/day.”4 Similar results 
were observed in a large prospective study of 
women followed over 12 years.” 

A 14-year follow-up analysis of the study in 
men reported that calcium intake was related to 
a lower risk of kidney stones in those aged less 
than 60 years but not in older men.?® [n addition, 
a prospective study in a cohort of 96 245 younger 
women, aged 27-44 years, found that higher di- 
etary calcium intakes were associated with a 
lower risk of kidney stones.” The authors of 
these two studies suggest that increased dietary 
calcium might inhibit the absorption of dietary 
oxalate and reduce urinary oxalate, a risk factor 
for calcium oxalate stones. Support for this idea 
comes from a study in which people ingested 
oxalate with or without supplemental calcium.?8 
Providing 200 mg elemental calcium along with 
oxalate significantly reduced both oxalate ab- 
sorption and excretion. 

Although people who form calcium stones 
have been advised to restrict calcium intake in 
the past, a cross-sectional study of 282 patients 
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with calcium oxalate stones found that dietary 
salt, as measured by urinary sodium excretion, 
was the dietary factor most strongly associated 
with urinary calcium excretion.2? A study of 85 
calcium stone-forming patients found that those 
with low BMD were significantly more likely to 
have a high salt intake and high urinary sodium 
excretion, leading the authors to suggest that re- 
duced salt intake should be recommended for 
such patients.2° Findings that calcium stone- 
forming patients with lower calcium intakes are 
more likely to have decreased BMD also call into 
question the therapeutic use of dietary calcium 
restriction. At present, the only dietary change 
proven effective in reducing kidney stone recur- 
rence is increasing fluid intake. However, a recent 
randomized, double-blind, placebo-controlled 
trial in 36282 postmenopausal women reported 
that a combination of supplemental calcium 
(1000 mg/day) and vitamin D (400IU/day) was 
associated with a significantly increased risk for 
kidney stones. More controlled trials are neces- 
sary to determine whether supplemental cal- 
cium affects the development of kidney stones.?! 


Pregnancy-induced Hypertension 


Pregnancy-induced hypertension (PIH) occurs in 
10% of pregnancies and is a major health risk for 
pregnant women and their offspring. PIH is a 
term that includes gestational hypertension, pre- 
eclampsia, and eclampsia. Gestational hyperten- 
sion is defined as an abnormally high blood pres- 
sure that usually develops after week 20 of preg- 
nancy. In addition to gestational hypertension, 
pre-eclampsia includes the development of ede- 
ma (severe swelling) and proteinuria (protein in 
the urine). Pre-eclampsia may progress to ec 
lampsia (also called toxemia) in which life- 
threatening convulsions and coma may occur.?? 
Although the cause of PIH is not entirely under- 
stood, calcium metabolism appears to play a role. 

Risk factors for PIH include first pregnancies, 
multiple gestations (e.g., twins or triplets), 
chronic high blood pressure, diabetes, and some 
autoimmune diseases. Data from epidemiologi- 
cal studies suggest an inverse relationship be- 
tween calcium intake and the incidence of PIH, 
but the results of experimental research on cal- 
cium supplementation and PIH have been less 
clear. A systematic review of randomized 
placebo-controlled studies found that calcium 


supplementation reduced the incidence of high 
blood pressure in pregnant women at high risk of 
PIH, as well as in pregnant women with low di- 
etary calcium intake. However, in women at low 
risk of PIH and with adequate calcium intake the 
benefit of calcium supplementation was judged 
small and unlikely to be clinically significant.?? A 
large multicenter clinical trial, Calcium for Pre- 
eclampsia Prevention (CPEP), in over 4500 preg- 
nant women found no effect of 2000 mg supple- 
mental calcium on PIH. However, women in the 
placebo group had a mean intake of 980 mg/day, 
whereas those in the supplemental group had a 
mean intake of 2300 mg/day.*4 For the general 
population, meeting current recommendations 
for calcium intake during pregnancy may help 
prevent PIH. Further research is required to de- 
termine whether women at high risk for PIH 
would benefit from calcium supplementation 
above the current recommendations. 


Lead Toxicity 


Children who are chronically exposed to lead, 
even in small amounts, are more likely to develop 
learning disabilities and behavioral problems, 
and to have low IQs. Abnormal growth and neu- 
rological development may occur in the infants 
of women exposed to lead during pregnancy. In 
adults, lead toxicity may result in kidney damage 
and high blood pressure. Although the use of lead 
paint and leaded gasoline has been discontinued 
in the United States, lead toxicity continues to be 
a significant health problem, especially in chil- 
dren living in urban areas. A study of over 300 
children in an urban neighborhood found that 
49% of children aged 1-8 years had blood lead 
levels above current guidelines, indicating exces- 
sive lead exposure. In this study, only 59% of chil- 
dren aged 1-3 years and 41% of children aged 4-8 
years had calcium intakes meeting the recom- 
mended levels.’ 

Adequate calcium intake could protect against 
lead toxicity in at least two ways. Increased di- 
etary intake of calcium is known to decrease the 
gastrointestinal absorption of lead. Once lead en- 
ters the body it tends to accumulate in the skele- 
ton, where it may remain for more than 20 years. 
Adequate calcium intake also prevents exposure 
to lead mobilized from the skeleton during bone 
demineralization. A study of blood lead levels 
during pregnancy found that women with inad- 


equate calcium intake during the second half of 
pregnancy were more likely to have elevated 
blood lead levels, probably related to increased 
bone demineralization, with the release of accu- 
mulated lead into the blood.2® Lead in the blood 
of a pregnant woman is readily transported 
across the placenta, resulting in fetal lead expo- 
sure at a time when the developing nervous sys- 
tem is highly vulnerable. In addition, in post- 
menopausal women, increased calcium intake 
has been associated with decreased blood lead 
levels. Other factors known to decrease bone de- 
mineralization, including estrogen replacement 
therapy and physical activity, have also been in- 
versely associated with blood lead levels.3” 


Disease Treatment 


Hypertension 


The relationship between calcium intake and 
blood pressure has been investigated extensively 
over the past two decades. An analysis of 23 large 
observational studies found a reduction in sys- 
tolic blood pressure of 0.34mmHg per 100mg 
calcium consumed daily and a reduction in dia- 
stolic blood pressure of 0.15 mmHg per 100 mg 
calcium.*® A large systematic review of 42 ran- 
domized controlled trials examining the effect of 
calcium supplementation on blood pressure 
compared with placebo found an overall reduc- 
tion of 1.44 mmHg in systolic blood pressure and 
of 0.84mmHg in diastolic blood pressure.*° Cal- 
cium supplementation in these randomized con- 
trolled trials ranged from 500 mg/day to 2000 mg/ 
day, with 1000-1500 mg/day being the most 
common dose. In the Dietary Approaches to Stop 
Hypertension (DASH) study, 549 people were 
randomized to one of three diets for 8 weeks: 
1. Acontrol diet that was low in fruit, vegetables, 
and dairy products 
2. A diet rich in fruit (about five servings per 
day) and vegetables (about three servings per 
day) 
3. Acombination diet rich in fruit and vegetables 
as well as low-fat dairy products (about three 
servings per day).4? 


The combination diet represented an increase of 
about 800 mg calcium/day over the control and 
fruit-/vegetable-rich diets for a total of about 
1200 mg calcium/day. The combination diet re- 


Disease Treatment 


duced systolic blood pressure by 5.5 mmHg and 
diastolic blood pressure by 3.0 mmHg more than 
the control diet, whereas the fruit/vegetable diet 
reduced systolic blood pressure by 2.8 mmHg 
and diastolic blood pressure by 1.1 mmHg more 
than the control diet. Among those participants 
diagnosed with hypertension, the combination 
diet reduced systolic blood pressure by 
11.4 mmHg and diastolic pressure by 5.5 mmHg 
more than the control diet, whereas the reduc- 
tion for the fruit/vegetable diet was 7.2 mmHg 
systolic and 2.8 mmHg diastolic compared with 
the control diet.4! This research indicates that a 
calcium intake at the recommended level (1000- 
1200 mg/day) may be helpful in preventing and 
treating moderate hypertension.’ 


Premenstrual Syndrome 


Premenstrual syndrome (PMS) refers to a cluster 
of symptoms, including but not limited to fatigue, 
irritability, moodiness/depression, fluid reten- 
tion, and breast tenderness, that begins some- 
time after ovulation (midcycle) and subsides 
with the onset of menstruation (the monthly pe- 
riod). Low dietary calcium intakes have been 
linked to PMS in several studies, and supplemen- 
tal calcium has been shown to decrease symp- 
tom severity.4 In a randomized, double-blind, 
placebo-controlled clinical trial of 466 women, 
supplemental calcium (1200 mg/day) for three 
menstrual cycles was associated with a 48% re- 
duction in total symptom scores, compared with 
a 30% reduction observed in the placebo group. 
Similar positive effects were reported in two 
double-blind, placebo-controlled, crossover tri- 
als that administered 1000 mg calcium daily.2647 
A case-control study in women participating in 
the Nurses’ Health Study II found that those who 
consumed the most calcium (median of 1283 mg/ 
day) from food had a 30% lower risk of developing 
PMS compared with those with the lowest calci- 
um intake (median of 529 mg/day from food).*® 
However, calcium intake from supplements had 
no effect on PMS in this study. Large-scale clini- 
cal trials are needed to determine whether in- 
creasing dietary calcium intake or taking calcium 
supplements has therapeutic benefits in treating 
and preventing PMS. 
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Sources 
Food Sources 


Average dietary intakes of calcium in the United 
States are well below the RDA for every age and 
gender group, especially in females. Only about 
25% of boys and 10% of girls aged 9-17 are esti- 
mated to meet the recommendations. Dairy 
foods provide 75% of the calcium in the American 
diet. However, it is typically during the most crit- 
ical period for peak bone mass development that 
adolescents tend to replace milk with soft 
drinks.!? Dairy products represent rich and ab- 
sorbable sources of calcium, but certain vegeta- 
bles and grains also provide calcium. However, 
the bioavailability of the calcium must be taken 
into consideration. Although the calcium-rich 
plants in the kale family (broccoli, bok choy, cab- 
bage, mustard, and turnip greens) contain calci- 
um that is as bioavailable as that in milk, some 
food components have been found to inhibit the 
absorption of calcium. Oxalic acid, also known as 
oxalate, is the most potent inhibitor of calcium 
absorption and is found at high concentrations in 
spinach and rhubarb and somewhat lower con- 
centrations in sweet potatoes and dried beans. 
Phytic acid is a less potent inhibitor of calcium 
absorption than oxalate. Yeast possesses an en- 


zyme (phytase) that breaks down phytic acid in 
grains during fermentation, lowering the phytic 
acid content of breads and other fermented 
foods. Only concentrated sources of phytate, such 
as wheat bran or dried beans, substantially re- 
duce calcium absorption.’ Table 14.2 lists a num- 
ber of calcium-rich foods, along with their calci- 
um content and the number of servings of that 
food required to equal the absorbable calcium 
from one glass of milk.*9 


Supplements 


Most experts recommend obtaining as much cal- 
cium as possible from food because calcium in 
food is accompanied by other important nutri- 
ents that help the body utilize the calcium. How- 
ever, calcium supplements may be necessary for 
those who have difficulty consuming enough cal- 
cium from food. No multivitamin/mineral tablet 
contains 100% of the recommended daily value 
for calcium because it is too bulky, and the re- 
sulting pill would be too large to swallow. The 
“Supplement Facts” label, now required on all 
supplements marketed in the United States, lists 
the calcium content of the supplement as ele- 
mental calcium. Calcium preparations used as 
supplements include calcium carbonate, calcium 
lactate, calcium gluconate, calcium citrate, and 


Table 14.2 Food sources and relative absorbability of calcium 


Food Serving Elemental Percentage Estimated Servings 
calcium (mg) calcium absorbable needed to equal 
absorbed calcium (mg) 8 oz milk? 

Milk 8 ounces 300 32 96 1.0 
Cheddar cheese 1.5 ounces 303 32 97 1.0 
Yogurt 8 ounces 300 32 96 1.0 

Tofu, calcium set 1% cup 258 31 80 i2 
Rhubarb v2 cup, cooked 174 9 10 9.5 
Spinach Y2 cup, cooked Ws 5 6 16.3 
White beans v2 cup, cooked 113 22 25 39 

Bok choy v2 cup, cooked 79 54 43 23 

Kale Y% cup, cooked 61 49 30 Bee 

Pinto beans v2 cup, cooked 45 27 12 8.1 

Red beans v2 cup, cooked Al 24 10 9.7 
Broccoli Y2 cup, cooked 35 61 22 4.5 


Reproduced with permission by the American Journal of Clinical Nutrition, American Society for Clinical Nutrition.” 
All other foods are compared with milk in terms of calcium availability. 


Safety 


calcium citrate malate. To determine which cal- 
cium preparation is in your supplement, you may 
have to look at the ingredient list. Calcium car- 
bonate is generally the most economical calcium 
supplement. To maximize absorption, take no 
more than 500mg elemental calcium at one 
time. Most calcium supplements should be taken 
with meals, although calcium citrate and calcium 
citrate malate can be taken anytime.*° 


Lead in Calcium Supplements 


Several years ago concern was raised about the 
lead levels in calcium supplements obtained 
from natural sources (oyster shell, bone meal, do- 
lomite). In 1993, investigators found measurable 
quantities of lead in most of the 70 different 
preparations that they tested.°! Since then, man- 
ufacturers have made an effort to reduce the 
amount of lead in calcium supplements to less 
than 0.5 pg/1000 mg elemental calcium. The fed- 
eral limit is 7.5 ug/1000 mg elemental calcium. 
As lead is so widespread and long lasting, no one 
can guarantee entirely lead-free food or supple- 
ments. One study found measurable lead in eight 
of 21 supplements, in amounts averaging be- 
tween 1 and 2p1g/1000 mg elemental calcium.* 
Calcium inhibits intestinal absorption of lead, 
and adequate calcium intake is protective against 
lead toxicity, so trace amounts of lead in calcium 
supplementation may pose less of a risk of exces- 
sive lead exposure than inadequate calcium con- 
sumption. Although most calcium sources today 
are relatively safe, look for supplements that are 
labeled “lead-free” and avoid large doses of sup- 
plemental calcium (more than 1500 mg/day). 


Safety 
Toxicity 


Abnormally elevated blood calcium (hypercalce- 
mia) resulting from the over-consumption of cal- 
cium has never been documented to occur from 
food, only from calcium supplements. Mild hy- 
percalcemia may be without symptoms or may 
result in loss of appetite, nausea, vomiting, con- 
stipation, abdominal pain, dry mouth, thirst, and 
frequent urination. More severe hypercalcemia 
may result in confusion, delirium, coma, and, if 
not treated, death. Hypercalcemia has been re- 
ported only with the consumption of large quan- 


tities of calcium supplements, usually in combi- 
nation with antacids, particularly in the days 
when peptic ulcers were treated with large quan- 
tities of milk, calcium carbonate (antacid), and 
sodium bicarbonate (absorbable alkali).! This 
condition was termed milk alkali syndrome and 
has been reported at calcium supplement levels 
from 1.5 g/day to 16.5 g/day for 2 days to 30 years. 
As the treatment for peptic ulcers has changed, 
the incidence of this syndrome has decreased 
considerably. 

Although the risk of forming kidney stones is 
increased in individuals with abnormally elevat- 
ed urinary calcium (hypercalciuria), this condi- 
tion is not usually related to calcium intake, 
rather to increased excretion of calcium by the 
kidneys. Overall, increased dietary calcium has 
been associated with a decreased risk of kidney 
stones. However, in a large prospective study, the 
risk of developing kidney stones in women taking 
supplemental calcium was 20% higher than in 
those who did not take supplements.”° This effect 
may be related to the fact that calcium supple- 
ments can be taken without food, eliminating 
their beneficial effect of decreasing intestinal 
oxalate absorption. 

In 2010 the FNB of the Institute of Medicine 
updated the tolerable upper intake level (UL) for 
calcium. The UL is listed in Table 14.3 by age 


group. 


Table 14.3 Tolerable upper intake level (UL) for calcium 


Life stage Age UL (mg/day) 
Infants 0-6 months 1000 
Infants 6-12 months 1500 
Children 1-8 years 2500 
Children 9-13 years 3000 
Adolescents 14-18 years 3000 
Adults 19-50 years 2500 
Adults >51 years 2000 
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Do High Calcium Intakes Increase 
the Risk of Prostate Cancer? 


Some epidemiological studies have raised con- 
cern that high calcium intakes are associated 
with increased risk of prostate cancer. A large 
prospective cohort study in the United States fol- 
lowed more than 50000 male health profession- 
als for 8 years and found that men whose calcium 
intake was 2000 mg/day or more had a risk of 
developing advanced prostate cancer that was 
three times higher than men whose calcium in- 
take was less than 500 mg/day, and a risk of de- 
veloping metastasized prostate cancer that was 
more than four times greater.” Similar results 
were observed in a case-control study in Swe- 
den, which compared the calcium consumption 
of 526 men diagnosed with prostate cancer with 
that of 536 controls.*4 Neither study found calci- 
um intake to be associated with an increased risk 
of total prostate cancer or nonadvanced prostate 
cancer. More recently, another prospective study 
of US physicians found that increased intake of 
calcium from dairy foods was associated with an 
increased risk of prostate cancer.” Although this 
study did not examine supplement use, each 
500 mg/day increase in calcium intake from dairy 
foods was associated with a 16% increase in the 
risk of prostate cancer (advanced and nonad- 
vanced, combined). Most recently, a prospective 
study in a cohort of 29133 men who smoked, fol- 
lowed for 17 years, found that high calcium con- 
sumption (> 1000 mg/day) was associated with 
an increased risk for prostate cancer.°® 

The physiological mechanisms underlying the 
relationship between calcium intake and pros- 
tate cancer are not yet clear. High levels of dietary 
calcium may lead to decreased circulating levels 
of calcitriol, the active form of vitamin D. In ex- 
perimental studies conducted in prostate cancer 
cell lines and animal models, calcitriol was found 
to have protective effects. However, the findings 
of studies conducted in humans on serum cal- 
citriol levels and prostate cancer risk have been 
much less consistent. 

Not all epidemiological studies have demon- 
strated an association between calcium intake 
and prostate cancer. One review reported that 7 
of 14 case-control studies and 5 of 9 prospective 
cohort studies found statistically significant posi- 
tive associations between prostate cancer and 
some measure of dairy product consumption. Of 


those studies that examined calcium intake, 
three of six case-control studies and two of four 
cohort studies reported statistically significant 
associations between prostate cancer and calci- 
um intake.” However, one Serbian case-control 
study found increased calcium intake to be asso- 
ciated with a decreased risk of prostate cancer.*® 
In a meta-analysis of six prospective studies, Gao 
et al. reported that men with higher daily calci- 
um intakes had a 39% increased risk of develop- 
ing prostate cancer compared with those with 
lower intakes; men with higher dairy product 
intakes had an 11% higher risk of prostate cancer 
compared with those with lower dairy product 
intakes.” However, only half the distinct studies 
included in this meta-analysis reported an asso- 
ciation between higher calcium intakes and pros- 
tate cancer. 

More recently, a prospective study in 14642 
men participating in the Melbourne Collabora- 
tive Cohort Study found that calcium intake was 
not associated with prostate cancer risk. Gao et 
al. repeated their meta-analysis>? to include this 
most recently published study. They found that 
those with higher calcium intakes had a 32% in- 
creased risk of prostate cancer; however, meta- 
analysis of all seven studies revealed that dairy 
intake was no longer associated with a signifi- 
cantly increased risk of prostate cancer.® The 
lack of agreement in the studies suggests com- 
plex interactions among the risk factors for pros- 
tate cancer and may also reflect the difficulties 
associated with assessing calcium intake in free- 
living humans. Until the relationship between 
calcium and prostate cancer is clarified, it is rea- 
sonable for men to consume a total of 1000- 
1200 mg/day of calcium (diet and supplements 
combined), which is the RDA. 


Drug Interactions 


Taking calcium supplements in combination 
with thiazide diuretics (e.g., hydrochlorthiazide) 
increases the risk of developing hypercalcemia 
due to increased reabsorption of calcium in the 
kidneys. High doses of supplemental calcium 
could increase the likelihood of abnormal! heart 
rhythms in people taking digitalis (digoxin) for 
heart failure.S! Calcium, when provided intrave- 
nously, may decrease the efficacy of calcium 
channel blockers.°? However, dietary and oral 
supplemental calcium do not appear to affect the 


action of calcium channel blockers.®? Calcium 
may decrease the absorption of tetracycline, qui- 
nolone class antibiotics, bisphosphonates, and 
levothyroxine; therefore, it is advisable to sepa- 
rate doses of these medications and calcium-rich 
foods or supplements by 2 hours. Use of H>-re- 
ceptor blockers (e.g., cimetidine) and proton 
pump inhibitors (e.g., omeprazole) may decrease 
the absorption of calcium carbonate and calcium 
phosphate.50.54 


Nutrient Interactions 


The presence of calcium decreases iron absorp- 
tion from nonheme sources (i.e., most supple- 
ments and food sources other than meat). How- 
ever, calcium supplementation up to 12 weeks 
has not been found to change iron nutritional 
status, probably due to a compensatory increase 
in iron absorption. Individuals taking iron sup- 
plements should take them 2 hours apart from 
calcium-rich foods or supplements to maximize 
iron absorption. High calcium intakes in rats have 
produced relative magnesium deficiencies, but 
calcium intake was not found to affect magne- 
sium retention in humans.! Although a number 
of studies did not find high calcium intakes to af- 
fect zinc absorption or zinc nutritional status, a 
study in 10 men and women indicated that 
600 mg calcium consumed with a meal decreased 
the absorption of zinc from that meal by 50%.°° 


Recent Research 


Calcium and Weight Loss 


Diets with higher calcium density (calcium per 
total calories) have been associated with a re- 
duced incidence of being overweight or obese in 
some studies. These studies were not designed to 
examine the effect of calcium on obesity or body 
fat, and their significance was unclear until re- 
cent studies in cell culture and animal models 
indicated that low calcium intakes could result in 
hormonal and metabolic changes that increase 
the tendency of fat cells to accumulate fat.°° In a 
2-year exercise trial, higher dietary calcium in- 
takes were associated with weight loss whether 
participants were in the exercise group or the 
control group.®” A placebo-controlled calcium 
supplementation trial found significantly greater 
weight loss in elderly women supplemented 
with 1200 mg calcium/day compared with a con- 


Recent Research 


trol group.® More recently, a 1-year dairy prod- 
uct intervention (1000-1400 mg calcium/day) in 
healthy young women did not alter body weight 
or fat mass compared with the control group 
(<800 mg calcium/day);°° however, a slight re- 
duction in body fat mass was observed in the 
high-dairy group (1300-1400 mg calcium/day) 
at the 6-month follow-up.”° Controlled feeding 
studies in which calories remain fixed are need- 
ed to quantify the likely small effect of calcium, if 
any, on body fat and body weight. Such studies 
are currently under way. 


LPI Recommendation 


The Linus Pauling Institute supports the RDA set by the 
FNB. Following these recommendations should provide 
adequate calcium to promote skeletal health and may 
also decrease the risks of some chronic diseases. 


Children and Adolescents 

To promote the attainment of maximal peak bone 
mass, children and adolescents (9-18 years) should 
consume a total (diet plus supplements) of 1300 mg/ 
day of calcium. 


Adults 

After adult height has been reached, the skeleton con- 
tinues to accumulate bone until the third decade of life 
when peak bone mass is attained. To promote the at- 
tainment of maximal peak bone mass and to minimize 
bone loss later in life, adult women (aged 50 years and 
younger) and adult men (aged 70 years and younger) 
should consume a total (diet plus supplements) of 
1000 mg/day of calcium. 


Older Women 

To minimize bone loss, postmenopausal women should 
consume a total (diet plus supplements) of 1200 mg/ 
day of calcium. Taking a multivitamin/mineral supple- 
ment containing at least 10 ug (4001U)/day of vitamin 
D will help to ensure adequate calcium absorption (see 
Chapter 11, Vitamin D). 


Older Men 

To minimize bone loss, men aged 71 years and older 
should consume a total (diet plus supplements) of 
1200 mg/day of calcium. Taking a multivitamin/ mineral 
supplement containing at least 10 ug (4001U)/day of 
vitamin D will help to ensure adequate calcium absorp- 
tion (see Chapter 11, Vitamin D). 


Pregnant and Breast-feeding Women 

Pregnant and breast-feeding adolescents (under 19 
years of age) should consume a total of 1300 mg/day of 
calcium, while pregnant and breastfeeding adults (19- 
50 years) should consume a total of 1000 mg/day of 
calcium. 
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5 Chromium 


Although trivalent chromium is recognized as a 
nutritionally essential mineral, scientists are not 
yet certain exactly how it functions in the body. 
The two most common forms of chromium are 
trivalent chromium (III) and the hexavalent chro- 
mium (VI). Chromium (III) is the principal form 
in food as well as the form used by the body. 
Chromium (VI) is derived from chromium (III) by 
heating at alkaline pH and is used as a source of 
chromium for industrial purposes. It is a strong 
irritant and is recognized as a carcinogen when 
inhaled. At low levels, chromium (VI) is readily 
reduced to chromium (III) by reducing substan- 
ces in food and the acidic environment of the 
stomach, which serve to prevent the ingestion of 
chromium (VI).'-3 


Function 


A biologically active form of chromium partici- 
pates in glucose metabolism by enhancing the 
effects of insulin. Insulin is secreted by special- 
ized cells in the pancreas in response to increased 
blood glucose levels, such as after a meal. Insulin 
binds to insulin receptors on the surface of cells, 
which activates the receptors and stimulates glu- 
cose uptake by cells. Through its interaction with 
insulin receptors, insulin provides cells with glu- 
cose for energy and prevents blood glucose levels 
from becoming elevated. In addition to its effects 
on carbohydrate (glucose) metabolism, insulin 
also influences the metabolism of fat and protein. 
A decreased response to insulin or decreased in- 
sulin sensitivity may result in impaired glucose 
tolerance or type 2 diabetes. Type 2 diabetes is 
characterized by elevated blood glucose levels 
and insulin resistance.! 

The precise structure of the biologically active 
form of chromium is not known. Recent research 
suggests that a low-molecular-weight chromium- 
binding substance (LMWCr) may enhance the 
response of the insulin receptor to insulin. Figure 
15.1 is a proposed model for the effect of chro- 
mium on insulin action. First, the inactive form of 
the insulin receptor is converted to the active 


form by binding insulin. This stimulates the 
movement of chromium into the cell and results 
in binding of chromium to apo-LMWCr, a form of 
the LMWCr that lacks chromium. Once it binds 
chromium, the LMWCr binds to the insulin re- 
ceptor and enhances its tyrosine kinase activity. 
The ability of the LMWCr to activate the insulin 
receptor is dependent on its chromium content. 
When insulin levels drop due to normalization of 
blood glucose levels, the LMWCr may be released 
from the cell in order to terminate its effects.? 
More recent studies have indicated that chromi- 
um enhances insulin action by increasing the in- 
sulin-stimulated translocation of glucose trans- 
porters to the cell membrane.’ The mechanism 
for the effect of chromium on insulin action is 
currently under investigation.>~” 


Nutrient Interactions 


Iron. Chromium competes for one of the binding 
sites on the iron transport protein, transferrin. 
However, supplementation of older men with 
925 ug chromium per day for 12 weeks did not 
significantly affect measures of iron nutritional 
Sstatus.® A study of younger men found an insig- 
nificant decrease in transferrin saturation with 
iron after supplementation of 200 ug chromium 
per day for 8 weeks, but no long-term studies 
have addressed this issue.? Iron overload in he- 
reditary hemochromatosis may interfere with 
chromium transport by competing for transferrin 
binding. This has led to the hypothesis that de- 
creased chromium transport might contribute to 
the diabetes associated with hereditary hemo- 
chromatosis.! 


Vitamin C. Chromium uptake is enhanced in ani- 
mals when given at the same time as vitamin C3 
In a study of three women, administration of 
100 mg vitamin C together with 1 mg chromium 
resulted in higher plasma levels of chromium 
than 1 mg chromium without vitamin C.! 


Carbohydrates. Compared with diets rich in 
complex carbohydrates (e.g., whole grains), diets 


Deficiency 


Fig. 15.1 A proposed model for the enhancing effects of 
chromium on insulin activity: (1) insulin binds to and acti- 
vates the insulin receptor; (2) insulin receptor activation 
stimulates the movement of chromium into the cell; (3) 
chromium binds to a peptide known as apo-low-molecu- 
lar-weight chromium-binding substance (apo-LMWCr; 


high in simple sugars (e.g., sucrose) result in in- 
creased urinary chromium excretion in adults. 
This effect may be related to increased insulin 
secretion in response to the consumption of sim- 
ple sugars compared with complex carbohy- 
drates.! 


Deficiency 


Chromium deficiency was reported in three pa- 
tients on long-term intravenous feeding who did 
not receive supplemental chromium in their in- 
travenous solutions. These patients developed 
abnormal glucose utilization and increased insu- 
lin requirements that responded to chromium 
supplementation. In addition, impaired glucose 
tolerance in malnourished infants responded to 
an oral dose of chromium chloride. As chromium 
appears to enhance the action of insulin and 
chromium deficiency has resulted in impaired 
glucose tolerance, chromium insufficiency has 
been hypothesized to be a contributing factor to 
the development of type 2 diabetes.!!° 


Apo-LC); (4) functional LMWCr (LC) binds to the insulin 
receptor and enhances its activity. (Adapted from Vincent 
JB. Quest for the molecular mechanism of chromium ac 
tion and its relationship to diabetes. Nutr Rev 2000;58:67- 
72, with permission from John Wiley and Sons, Inc.) 


Several studies of male runners indicated that 
urinary chromium loss was increased by endur- 
ance exercise, suggesting that chromium needs 
may be greater in individuals who exercise regu- 
larly."! In a more recent study, resistive exercise 
(weight lifting) was found to increase urinary ex- 
cretion of chromium in older men. However, 
chromium absorption was also increased, lead- 
ing to little or no net loss of chromium as a result 
of resistive exercise. !2 

At present, research on the effects of inade- 
quate chromium intake and risk factors for chro- 
mium insufficiency are limited by the lack of sen- 
sitive and accurate tests for determining chro- 
mium nutritional status.!4 


Adequate Intake 


As there was not enough information on chro- 
mium requirements to set a recommended di- 
etary allowance, the Food and Nutrition Board 
(FNB) of the Institute of Medicine set an adequate 
intake (Al) based on the chromium content in 
normal diets (Table 15.1).! 
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Table 15.1 Adequate intake for chromium 


Life stage Age Males (g/day) Females (yg/day) 
Infants 0-6 months 0.2 0.2 
Infants 7-12 months 5.5 5.5 
Children 1-3 years i a 
Children 4-8 years 15 157 
Children 9-13 years 25 21 
Adolescents 14-18 years 35 24 
Adults 19-50 years 35 25 
Adults >51 years 30 20 
Pregnancy <18 years - 29 
Pregnancy 219 years = 30 
Breastfeeding <18 years - 44 
Breast-feeding 219 years = 45 


Disease Prevention 


Impaired Glucose Tolerance and 
Type 2 Diabetes Mellitus 


In 12 of 15 controlled studies of people with im- 
paired glucose tolerance, chromium supplemen- 
tation was found to improve some measure of 
glucose utilization or to have beneficial effects on 
blood lipid profiles.'? Impaired glucose tolerance 
refers to a metabolic state between normal glu- 
cose regulation and overt diabetes. Commonly, 
blood glucose levels are higher than normal but 
lower than those accepted as diagnostic for dia- 
betes. Impaired glucose tolerance is associated 
with increased risk for cardiovascular diseases 
but is not associated with the other classic com- 
plications of diabetes. About 25%-30% of indi- 
viduals with impaired glucose tolerance eventu- 
ally develop type 2 diabetes.!4 Generally, chro- 
mium supplementation in a variety of forms, at 
doses of about 200 pg/day for 2-3 months, has 
been found to be beneficial. The reasons for the 
variation or lack of effect in some studies are not 
clear, but chromium depletion is not the only 
known cause of impaired glucose tolerance. In 
addition, the lack of an accurate measure of chro- 
mium nutritional status prevents researchers 
from identifying those individuals who are most 
likely to benefit from chromium supplementa- 
tion.?!5 A meta-analysis of 15 randomized clini- 
cal trials reported that chromium had no effect 
on glucose or insulin concentrations in nondia- 
betic individuals. 16 


Cardiovascular Diseases 


Impaired glucose tolerance and type 2 diabetes 
are associated with adverse changes in lipid pro- 
files and increased risk of cardiovascular diseas- 
es. Studies examining the effects of chromium 
supplementation on lipid profiles have been no- 
table for their inconsistent results. Although 
some studies have observed reductions in serum 
total cholesterol, low-density lipoprotein (LDL)- 
cholesterol, and triglyceride levels or increases in 
high-density lipoprotein (HDL)-cholestero! lev- 
els, others have observed no effect. Such incon- 
sistent responses of lipid and lipoprotein levels to 
chromium supplementation may reflect differ- 
ences in chromium nutritional status. It is possi- 
ble that only those individuals with insufficient 
dietary intake of chromium will experience ben- 
eficial effects on lipid profiles after chromium 
supplementation.23.!” 


Health Claims 


Increases muscle mass. Claims that chromium 
supplementation increases lean body mass and 
decreases body fat are based on the relationship 
between chromium and insulin action. In addi- 
tion to affecting glucose metabolism, insulin is 
known to affect fat and protein metabolism. At 
least 12 placebo-controlled studies have com- 
pared the effect of chromium supplementation 
(200-1000 g/day as chromium picolinate) with 
or without an exercise program on lean body 


mass and measures of body fat. In general, those 
studies that have used the most sensitive and ac 
curate methods of measuring body fat and lean 
mass (dual energy X-ray absorptiometry or DXA 
and hydrodensitometry or underwater weighing) 
do not indicate a beneficial effect of chromium 
supplementation on body composition. 


Promotes weight loss. Controlled studies of 
chromium supplementation (200-400 g/day as 
chromium picolinate) have demonstrated little if 
any beneficial effect on weight or fat loss,'8 and 
claims of weight loss in humans appear to be ex- 
aggerated. In 1997, the US Federal Trade Com- 
mission ruled that there is no basis for claims 
that chromium picolinate promotes weight loss 
and fat loss in humans.*!517 More recently, a me- 
ta-analysis of 10 randomized, double-blind, pla- 
cebo-controlled trials of chromium picolinate 
supplementation found that chromium pico- 
linate was associated with a 1.1 kg (2.4 lb) reduc 
tion in body weight; however, such a small 
change may not be clinically relevant.'9 In addi- 
tion, a recent study reported that chromium pic 
olinate supplementation attenuated body weight 
gain in type 2 diabetic patients taking sulfonyl- 
urea drugs.” 


Disease Treatment 


Type 2 Diabetes Mellitus 


Type 2 diabetes is characterized by elevated 
blood glucose levels and insulin resistance. Al- 
though insulin levels in people with type 2 diabe- 
tes may be higher than in healthy individuals, the 
physiological effects of insulin are reduced. As 
chromium is known to enhance the action of in- 
sulin, the relationship between chromium nutri- 
tional status and type 2 diabetes has generated 
considerable scientific interest. Individuals with 
type 2 diabetes have been found to have higher 
rates of urinary chromium loss than healthy indi- 
viduals, especially those with diabetes of more 
than 2 years’ duration.?! Before 1997, well-de- 
signed studies of chromium supplementation in 
individuals with type 2 diabetes showed no im- 
provement in blood glucose control, although 
they provided some evidence of reduced insulin 
levels and improved blood lipid profiles.?? 

In 1997, the results of a placebo-controlled 
trial conducted in China indicated that chro- 


Disease Treatment 


mium supplementation might be beneficial in 
the treatment of type 2 diabetes;?? 180 partici- 
pants took either a placebo or chromium in the 
form of chromium picolinate at doses of 200 ug/ 
day and 1000 g/day. At the end of 4 months, 
blood glucose levels were 15%-19% lower in 
those who took 1000ug/day compared with 
those who took the placebo. Blood glucose levels 
in those taking 200 pg/day did not differ signifi- 
cantly from those who took placebo. Insulin lev- 
els were lower in those who took either 200 ug/ 
day or 1000 pg/day of chromium picolinate. Gly- 
cated hemoglobin levels, a measure of long-term 
control of blood glucose, were also lower in both 
chromium-supplemented groups, especially in 
the group taking 1000 g/day. As the chromium 
nutritional status of the Chinese participants had 
not been evaluated and the prevalence of obesity 
was much lower than is typically associated with 
type 2 diabetics in the United States, extrapola- 
tion of these results to a US population is diffi- 
cult. There have been subsequent studies investi- 
gating the utility of chromium picolinate for the 
treatment of type 2 diabetes. 

A recent review reported that 13 of 15 clinical 
studies, including the study conducted in China, 
found that chromium picolinate improved at 
least one measure of glycemic control in diabetic 
patients.24 Chromium picolinate is more bio- 
available than other supplemental forms of chro- 
mium and therefore may be more efficacious. 
However, large-scale randomized controlled tri- 
als of chromium supplementation for type 2 dia- 
betes are needed to determine if chromium is 
effective in its treatment. 


Gestational Diabetes 


Few studies have examined the effects of chro- 
mium supplementation on gestational diabetes. 
Gestational diabetes occurs in about 2% of preg- 
nant women and usually appears in the second 
or third trimester of pregnancy. Blood glucose 
levels must be tightly controlled to prevent ad- 
verse effects on the developing fetus. After deliv- 
ery, glucose tolerance generally reverts to nor- 
mal. However, 30%-40% of women who have had 
gestational diabetes develop type 2 diabetes 
within 5-10 years. An observational study in 
pregnant women did not find serum chromium 
levels to be associated with measures of glucose 
tolerance or insulin resistance in late pregnancy, 
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although serum chromium levels may not reflect 
tissue chromium levels.” Women with gesta- 
tional diabetes whose diets were supplemented 
with 4g chromium/kg body weight daily as 
chromium picolinate for 8 weeks had decreased 
fasting blood glucose and insulin levels com- 
pared with those who took a placebo. However, 
insulin therapy rather than chromium picolinate 
was required to normalize severely elevated 
blood glucose levels.?7° 


Sources 


Food Sources 


The amount of chromium in foods is variable and 
has been measured accurately in relatively few 
foods. Currently, there is no large database for 
the chromium content of foods. Processed meats, 
whole-grain products, ready-to-eat bran cereals, 
green beans, broccoli, and spices are relatively 
rich in chromium. Foods high in simple sugars, 
such as sucrose and fructose, are not only low in 
chromium but have been found to promote chro- 
mium loss.? Estimated average chromium intakes 
in the US range from 23 g/day to 29 g/day for 
women and from 39pg/day to 54yg/day for 
men.' The chromium content of some foods is 
listed in Table 15.2.2? As chromium content in 
different batches of the same food has been found 
to vary significantly, the information in Table 


Table 15.2 Food sources of chromium 


Food Serving Chromium (yg) 
Broccoli Y2 cup 11.0 
Turkey ham 3 ounces 10.4 
(processed) 

Grape juice 8 fluid ounces 7.5 
Waffle 1 (~2.5 ounces) 6.7 
English muffin 1 3.6 
Potatoes 1 cup, mashed 2.7 
Bagel 1 25 
Orange juice 8 fluid ounces 2.2 
Beef 3 ounces? 2.0 
Turkey breast 3 ounces? 1.7 
Apple with peel 1 medium 1.4 
Green beans V2 cup 1.1 
Banana 1 medium 1.0 


3A 3-ounce serving of meat is about the size of a deck of 
cards. 


15.2 should serve only as a guide to the chro- 
mium content of foods. 


Supplements 


Chromium (III) is available as a supplement in 
several forms: chromium ~chloride, chromium 
nicotinate, chromium picolinate, and high-chro- 
mium yeast. These are available as stand-alone 
supplements or in combination products. Doses 
typically range from 50pg to 200pg elemental 
chromium.28 Chromium nicotinate and chromi- 
um picolinate may be more bioavailable than 
chromium chloride.!” In much of the research on 
impaired glucose tolerance and type 2 diabetes, 
chromium picolinate was the source of chro- 
mium. However, some concerns have been raised 
over the long-term safety of chromium picolinate 
supplementation. 


Safety 
Toxicity 


Hexavalent chromium or chromium (VI) is a rec 
ognized carcinogen. Exposure to chromium (VI) 
in dust is associated with increased incidence of 
lung cancer and is known to cause inflammation 
of the skin (dermatitis). In contrast, there is little 
evidence that trivalent chromium or chromium 
(II) is toxic to humans. Because no adverse ef- 
fects have been convincingly associated with ex- 
cess intake of chromium (III) from food or sup- 
plements, the FNB did not set a tolerable upper 
intake level for chromium. As information is lim- 
ited, the FNB acknowledged a potential for ad- 
verse effects of high intakes of supplemental 
chromium (III) and advised caution.’ 

Most of the concerns about the long-term 
safety of chromium (III) supplementation arise 
from several studies in cell culture, suggesting 
that chromium (II), especially in the form of 
chromium picolinate, may increase DNA dam- 
age.29-3! Currently, there is no evidence that 
chromium (Ill) increases DNA damage in living 
organisms,' and a study in 10 women taking 
400 ug/day of chromium as chromium picolinate 
found no evidence of increased oxidative damage 
to DNA as measured by antibodies to an oxidized 
DNA base.34 

Several studies have demonstrated the safety 
of daily doses of up to 1000 ug chromium for sev- 


eral months.?333 However, there have been a few 
isolated reports of serious adverse reactions to 
chromium picolinate. Kidney failure was report- 
ed 5 months after a 6-week course of 600 ug 
chromium/day in the form of chromium pico- 
linate,” whereas kidney failure and impaired 
liver function were reported after the use of 
1200-2400 g/day of chromium in the form of 
chromium picolinate over a period of 4-5 
months. In addition, a 24-year-old healthy man 
reportedly developed reversible, acute renal fail- 
ure after taking chromium picolinate-containing 
supplements for 2 weeks.*® Individuals with pre- 
existing kidney or liver disease may be at in- 
creased risk of adverse effects and should limit 
supplemental chromium intake.! 


Drug Interactions 


Little is known about drug interactions with 
chromium in humans. Large doses of calcium 
carbonate- or magnesium hydroxide-containing 
antacids decreased chromium absorption in rats. 
In contrast, aspirin and indometacin (a nonste- 
roidal anti-inflammatory drug) both increased 
chromium absorption in rats. 


LPI Recommendation 


The lack of sensitive indicators of chromium nutritional 
status in humans makes it difficult to determine the 
level of chromium intake most likely to promote opti- 
mum health. Following the Linus Pauling Institute rec 
ommendation to take a multivitamin/mineral supple- 
ment containing 100% of the daily values (DVs) of most 
nutrients will generally provide 60-120 ug/day of chro- 
mium, well above the adequate intake of 20-25 yg/day 
for women and 30-35 ug for men. 


Older Adults 

Although the requirement for chromium is not known 
to be higher for older adults, one study found that chro- 
mium concentrations in hair, sweat, and urine de- 
creased with age.?’ Following the Linus Pauling Insti- 
tute recommendation to take a multivitamin/mineral 
supplement containing 100% of the DVs of most nutri- 
ents should provide sufficient chromium for most older 
adults. 

As impaired glucose tolerance and type 2 diabetes are 
associated with potentially serious health problems, in- 
dividuals considering high-dose chromium supplemen- 
tation to treat either condition should do so in collabo- 
ration with a qualified health-care provider. 


Safety 
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16 Copper 


Copper (Cu) is an essential trace element for hu- 
mans and animals. In the body, copper shifts be- 
tween the cuprous (Cu*) and cupric (Cu2*) forms, 
although most of the body’s copper is in the Cu2* 
form. The ability of copper to easily accept and 
donate electrons explains its important role in 
oxidation-reduction (redox) reactions and in 
scavenging free radicals.! Although Hippocrates 
is said to have prescribed copper compounds to 
treat diseases as early as 400 sc,” scientists are 
still uncovering new information about the func 
tions of copper in the human body. 


Function 


Copper is a critical functional component of a 
number of essential enzymes known as cuproen- 
zymes. Some of the physiological functions 
known to be copper dependent are discussed be- 
low. 


Energy Production 


The copper-dependent enzyme, cytochrome c 
oxidase, plays a critical role in cellular energy 
production. By catalyzing the reduction of mo- 
lecular oxygen (O,) to water (H,O), cytochrome c 
oxidase generates an electrical gradient used by 
the mitochondria to create the vital energy-stor- 
ing molecule, ATP.3 


Connective Tissue Formation 


Another cuproenzyme, lysyl oxidase, is required 
for the cross-linking of collagen and elastin, 
which is essential for the formation of strong and 
flexible connective tissue. The action of lysyl oxi- 
dase helps maintain the integrity of connective 
tissue in the heart and blood vessels, and also 
plays a role in bone formation.” 


Iron Metabolism 


Two copper-containing enzymes, ceruloplasmin 
(ferroxidase 1) and ferroxidase II, have the capac 


ity to oxidize ferrous iron (Fe2*) to ferric iron 
(Fe3*), the form of iron that can be loaded on to 
the protein transferrin for transport to the site of 
red blood cell formation. Although the ferroxi- 
dase activity of these two cuproenzymes has not 
yet been proven to be physiologically significant, 
the fact that iron mobilization from storage sites 
is impaired in copper deficiency supports their 
role in iron metabolism.?4 


Central Nervous System 


A number of reactions essential to normal func 
tion of the brain and nervous system are cata- 
lyzed by cuproenzymes: 
e Neurotransmitter synthesis: dopamine-B-mono- 
oxygenase catalyzes the conversion of dopa- 
mine to the neurotransmitter norepinephrine.* 
Metabolism of neurotransmitters: monoamine 
oxidase (MAO) plays a role in the metabolism 
of the neurotransmitters norepinephrine, epi- 
nephrine, and dopamine. MAO also functions 
in the degradation of the neurotransmitter se- 
rotonin, which is the basis for the use of MAO 
inhibitors as antidepressants.° 
e Formation and maintenance of myelin: the my- 
elin sheath is made of phospholipids, the syn- 
thesis of which depends on cytochrome c oxi- 
dase activity.” 


Melanin Formation 


The cuproenzyme, tyrosinase, is required for the 
formation of the pigment melanin. Melanin is 
formed in cells called melanocytes and plays a 
role in the pigmentation of the hair, skin, and 
eyes.? 


Antioxidant Functions 


Superoxide dismutase (SOD) functions as an an- 
tioxidant by catalyzing the conversion of super- 
oxide radicals (free radicals or reactive oxygen 
species [ROS]) to hydrogen peroxide, which can 
subsequently be reduced to water by other anti- 
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oxidant enzymes. Two forms of SOD contain 

copper: 

1. Copper/zinc SOD is found within most cells of 
the body, including red blood cells. 

2. Extracellular SOD is a copper-containing en- 
zyme found at high levels in the lungs and at 
low levels in blood plasma.? 


Ceruloplasmin may function as an antioxidant in 
two different ways. Free copper and iron ions are 
powerful catalysts of free radical damage. By 
binding copper, ceruloplasmin prevents free cop- 
per ions from catalyzing oxidative damage. The 
ferroxidase activity of ceruloplasmin (oxidation 
of ferrous iron) facilitates iron loading onto its 
transport protein, transferrin, and may prevent 
free ferrous ions (Fe**) from participating in 
harmful free radical-generating reactions.® 


Regulation of Gene Expression 


Copper-dependent transcription factors regulate 
transcription of specific genes. Thus, cellular cop- 
per levels may affect the synthesis of proteins by 
enhancing or inhibiting the transcription of spe- 
cific genes. Genes regulated by copper-depen- 
dent transcription factors include genes for Cu/ 
ZnSOD, catalase (another antioxidant enzyme), 
and proteins related to the cellular storage of 
copper.? 


Nutrient Interactions 


Iron. Adequate copper nutritional status appears 
to be necessary for normal iron metabolism and 
red blood cell formation. Anemia is a clinical sign 
of copper deficiency, and iron has been found to 
accumulate in the livers of copper-deficient ani- 
mals, indicating that copper (probably in the 
form of ceruloplasmin) is required for iron trans- 
port to the bone marrow for red blood cell forma- 
tion.? Infants fed a high-iron formula absorbed 
less copper than infants fed a low-iron formula, 
suggesting that high iron intakes may interfere 
with copper absorption in infants. 


Zinc. High supplemental zinc intakes of 50 mg/ 
day or more for extended periods of time may re- 
sult in copper deficiency. High dietary zinc in- 
creases the synthesis of an intestinal cell protein 
called metallothionein, which binds certain met- 
als and prevents their absorption by trapping 


them in intestinal cells. Metallothionein has a 
stronger affinity for copper than zinc, so high lev- 
els of metallothionein induced by excess zinc 
cause a decrease in copper absorption. In con- 
trast, high copper intakes have not been found to 
affect zinc nutritional status.?° 


Fructose. High fructose diets have exacerbated 
copper deficiency in rats but not in pigs which 
have gastrointestinal systems more like those of 
humans. Very high levels of dietary fructose (20% 
of total calories) did not result in copper deple- 
tion in humans, suggesting that fructose intake 
does not result in copper depletion at levels rele- 
vant to normal diets.2° 


Vitamin C. Although vitamin C supplements 
have produced copper deficiency in guinea pigs,’ 
the effect of vitamin C supplements on copper 
nutritional status in humans is less clear. Two 
small studies in healthy young men indicate that 
the oxidase activity of ceruloplasmin may be im- 
paired by relatively high doses of supplemental 
vitamin C. In one study, vitamin C supplementa- 
tion of 1500 mg/day for 2 months resulted in a 
significant decline in ceruloplasmin oxidase ac 
tivity.’ In the other study, supplements of 605 mg 
vitamin C/day for 3 weeks resulted in decreased 
ceruloplasmin oxidase activity, although copper 
absorption did not decline.® Neither of these 
studies found vitamin C supplementation to ad- 
versely affect copper nutritional status. 


Deficiency 


Clinically evident or frank copper deficiency is 
relatively uncommon. Serum copper and cerulo- 
plasmin levels may fall to 30% of normal in cases 
of severe copper deficiency. One of the most 
common Clinical signs of copper deficiency is an 
anemia that is unresponsive to iron therapy but 
corrected by copper supplementation. The ane- 
mia is thought to result from defective iron mobi- 
lization due to decreased ceruloplasmin activity. 
Copper deficiency may also result in abnormally 
low numbers of white blood cells, known as neu- 
trophils (neutropenia), a condition that may be 
accompanied by increased susceptibility to infec- 
tion. Osteoporosis and other abnormalities of 
bone development related to copper deficiency 
are most common in copper-deficient low-birth- 


Table 16.1 Recommended dietary allowance for copper 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breast-feeding All ages 


Al, adequate intake. 


weight infants and young children. Less common 
features of copper deficiency may include loss of 
pigmentation, neurological symptoms, and im- 
paired growth.?3 


Individuals at Risk of Deficiency 


Cow’s milk is relatively low in copper, and cases 
of copper deficiency have been reported in high- 
risk infants and children fed only cow's milk for- 
mula. High-risk individuals include: premature 
infants (especially those with low birth weight), 
infants with prolonged diarrhea, infants and chil- 
dren recovering from malnutrition, and individu- 
als with malabsorption syndromes, including ce- 
liac disease, sprue, and short bowel syndrome 
resulting from surgical removal of a large portion 
of the intestine. Individuals receiving intrave- 
nous total parenteral nutrition or other restricted 
diets may also require supplementation with 
copper and other trace elements.” Recent re- 
search indicates that cystic fibrosis patients may 
also be at increased risk of copper insufficiency.'° 


Recommended Dietary Allowance 


A variety of indicators were used to establish the 
recommended dietary allowance (RDA) for cop- 
per, including plasma copper concentration, se- 
rum ceruloplasmin activity, SOD activity in red 
blood cells, and platelet copper concentration.’ 
The RDA for copper reflects the results of deple- 
tion-repletion studies and is based on the pre- 
vention of deficiency (Table 16.1). 


Disease Prevention 


Males (g/day) Females (ug/day) 


200 (Al) 200 (Al) 
220 (Al) 220 (Al) 
340 340 
440 440 
700 700 
890 890 
900 900 

= 1000 

= 1300 


Disease Prevention 


Cardiovascular Diseases 


Although it is clear that severe copper deficiency 
results in heart abnormalities and damage (car- 
diomyopathy) in some animal species, the pa- 
thology differs from the atherosclerotic cardio- 
vascular disease prevalent in humans.’ Studies in 
humans have produced inconsistent results, and 
their interpretation is hindered by the lack of a 
reliable marker of copper nutritional status. Out- 
side the body, free copper is known to be a pro- 
oxidant and is frequently used to produce oxida- 
tion of low-density lipoprotein (LDL) in the test 
tube. The copper-containing protein ceruloplas- 
min has been found to stimulate LDL oxidation in 
the test tube,'! leading some scientists to pro- 
pose that increased copper levels could increase 
the risk of atherosclerosis by promoting the oxi- 
dation of LDLs. However, there is little evidence 
that copper or ceruloplasmin promotes LDL oxi- 
dation in the human body. In addition, the cupro- 
enzymes, SOD and ceruloplasmin, are known to 
have antioxidant properties, leading some ex- 
perts to propose that copper deficiency rather 
than excess copper increases the risk of cardio- 
vascular diseases. !2 


Epidemiological studies. Several epidemiologi- 
cal studies have found increased serum copper 
levels to be associated with increased risk of car- 
diovascular disease. A prospective study in the 
United States examined serum copper levels in 
more than 4500 men and women aged 30 years 
and older.” During the following 16 years, 151 
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participants died from coronary heart disease 
(CHD). After adjusting for other risk factors for 
heart disease, those with serum copper levels in 
the two highest quartiles (one-fourth) had a sig- 
nificantly greater risk of dying from CHD. Three 
other case-control studies conducted in Europe 
had similar findings. One small study in 60 pa- 
tients with chronic heart failure or ischemic 
heart disease reported that serum copper was a 
predictor of short-term outcome.'* A recent pro- 
spective study in 4035 middle-aged men report- 
ed that high serum copper levels were signifi- 
cantly related to a 50% increase in all-cause mor- 
tality; however, serum copper was not signifi- 
cantly associated with cardiovascular mortality 
in this study." It is important to note that serum 
copper largely reflects serum ceruloplasmin and 
is not a sensitive indicator of copper nutritional 
status. Serum ceruloplasmin levels are known to 
increase by 50% or more under certain conditions 
of physical stress, such as trauma, inflammation, 
or disease. As over 90% of serum copper is carried 
in ceruloplasmin, which is increased in many in- 
flammatory conditions, elevated serum copper 
may simply be a marker of inflammation that ac 
companies atherosclerosis. In fact, serum copper 
was recently found to be elevated in patients 
with rheumatic heart disease.'® In contrast to the 
epidemiological findings linking serum copper to 
heart disease, two autopsy studies found that 
copper levels in heart muscle were actually lower 
in patients who died of CHD than those who died 
of other causes.'” In addition, the copper content 
of white blood cells has been positively correlat- 
ed with the degree of patency of coronary arter- 
ies in CHD patients.'®!9 Further, patients with a 
history of myocardial infarction (MI) had lower 
concentrations of extracellular SOD than those 
without a history of MI.” Thus, due to a lack of a 
reliable biomarker of copper nutritional status, it 
is not clear whether copper is related to cardio- 
vascular disease. 


Experimental studies. Although studies in very 
small numbers of adults fed experimental diets 
low in copper have demonstrated adverse chang- 
es in blood cholesterol levels, including increased 
total and LDL-cholesterol levels and decreased 
high-density lipoprotein (HDL)-cholesterol lev- 
els,?! other studies have not confirmed those re- 
sults.?? Copper supplementation of 2-3 mg/day 
for 4-6 weeks did not result in clinically signifi- 


cant changes in cholesterol levels.'*?? More re- 
cent research has also failed to find evidence that 
increased copper intake increases oxidative 
stress. In a multicenter placebo-controlled study, 
copper supplementation of 3 and 6 mg/day for 
6 weeks did not result in increased susceptibility 
of LDL to oxidation induced outside the body (ex 
vivo) by copper or peroxynitrite (a reactive nitro- 
gen species).*4 Moreover, supplementation with 
3 and 6 mg/day of copper decreased the in vitro 
oxidizability of red blood cells,” indicating that 
relatively high intakes of copper do not increase 
the susceptibility of LDL or red blood cells to oxi- 
dation. 


Summary. Although free copper and ceruloplas- 
min can promote LDL oxidation in the test tube, 
there is little evidence that increased dietary 
copper increases oxidative stress in the human 
body. Increased serum copper levels have been 
associated with increased cardiovascular disease 
risk, but the significance of these findings is un- 
clear due to the association between serum ceru- 
loplasmin levels and inflammatory conditions. 
Clarification of the relationships of copper nutri- 
tional status, ceruloplasmin levels, and cardio- 
vascular disease risk requires further research. 


Immune System Function 


Copper is known to play an important role in the 
development and maintenance of immune sys- 
tem function, but its exact mechanism of action 
is not yet known. Neutropenia (abnormally low 
numbers of neutrophils) is a clinical sign of cop- 
per deficiency in humans. Adverse effects of in- 
sufficient copper on immune function appear 
most pronounced in infants. Infants with Menkes 
disease, a genetic disorder that results in severe 
copper deficiency, have frequent and severe in- 
fections.*5?? In a study of 11 malnourished in- 
fants with evidence of copper deficiency, the 
ability of certain white blood cells to engulf 
pathogens increased significantly after 1 month 
of copper supplementation.” More recently, 
11 men on a low-copper diet (0.66 mg/day for 
24 days and 0.38 mg/day for another 40 days) 
showed a decreased proliferation response when 
white blood cells, called mononuclear cells, were 
isolated from their blood and presented with an 
immune challenge in cell culture.’ Although se- 
vere copper deficiency has adverse effects on im- 


mune function, the effects of marginal copper 
insufficiency in humans are not yet clear. 


Osteoporosis 


The copper-dependent enzyme, lysyl oxidase, is 
required for the maturation (cross-linking) of col- 
lagen, a key element in the organic matrix of 
bone. Osteoporosis has been observed in infants 
and adults with severe copper deficiency, but it is 
not clear whether marginal copper deficiency 
contributes to osteoporosis. Research regarding 
the role of copper nutritional status in age-related 
osteoporosis is limited. Serum copper levels of 46 
elderly patients with hip fractures were reported 
to be significantly lower than those of matched 
controls. A small study in perimenopausal 
women, who consumed an average of 1 mg di- 
etary copper daily, reported decreased loss of 
bone mineral density (BMD) from the lumbar 
spine after copper supplementation of 3 mg/day 
for 2 years.*! In addition, a 2-year double-blind, 
placebo-controlled trial in 59 postmenopausal 
women found that a combination of supplemen- 
tal calcium and trace minerals, including 2.5 mg 
copper daily, resulted in maintenance of spinal 
bone density, whereas supplemental calcium or 
trace minerals, alone, were not effective in pre- 
venting loss of bone density.*2 A study in 11 
healthy men found that marginal copper intake 
of 0.7 mg/day for 6 weeks significantly increased 
a measurement of bone resorption (breakdown) 
in healthy men.?? However, copper supplementa- 
tion of 3-6 mg/day for 6 weeks had no effect on 
biochemical markers of bone resorption or bone 
formation in a study of healthy men and wom- 
en.?4 Although severe copper deficiency is known 
to adversely affect bone health, the effects of 
marginal copper deficiency and copper supple- 
mentation on bone metabolism and age-related 
osteoporosis require further research before con- 
clusions can be drawn. 


Sources 


Food Sources 


Copper is found in a wide variety of foods and is 
most plentiful in organ meats, shellfish, nuts, and 
seeds. Wheat bran cereals and whole-grain prod- 
ucts are also good sources of copper. According to 
national surveys, the average dietary intake of 


Safety 


Table 16.2 Food sources of copper 


Food Serving Copper (yg) 
Liver (beef), 1 ounce 4049 
cooked 

Oysters, cooked 1 medium oyster 670 
Cashews 1 ounce 629 
Crab meat, 3 ounces 624 
cooked 

Clams, cooked 3 ounces 585 
Sunflower seeds 1 ounce 519 
Lentils, cooked 1 cup 497 
Hazelnuts 1 ounce 496 
Mushrooms, raw 1 cup (sliced) 344 
Almonds 1 ounce 332 
Chocolate, 1 ounce 198 
semisweet 

Peanut butter, 2 tablespoons 185 
chunky 

Shredded wheat 2 biscuits 167 
cereal 

Hot cocoa mix 1 ounce 93 


(1-cup sachet) 


copper in the United States is approximately 1.0- 
1.1 mg (1000-1100 ug)/day for women and 1.2- 
1.6 mg (1200-1600 p1g)/day for men. The copper 
content of some foods that are relatively rich in 
copper is listed in Table 16.2. 


Supplements 


Copper supplements are available as cupric ox- 
ide, copper gluconate, copper sulfate, and copper 
amino acid chelates. 


Safety 
Toxicity 


Copper toxicity is rare in the general population. 
Acute copper poisoning has occurred through the 
contamination of beverages by storage in copper- 
containing containers as well as from contami- 
nated water supplies.” In the United States, the 
health-based guideline for a maximum water 
copper concentration of 1.3 mg/L is enforced by 
the Environmental Protection Agency.” Symp- 
toms of acute copper toxicity include abdominal 
pain, nausea, vomiting, and diarrhea, which help 
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Table 16.3 Tolerable upper intake level (UL) for copper 


Life stage Age UL (ug/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 1000 

Children 4-8 years 3000 

Children 9-13 years 5000 

Adolescents 14-18 years 8000 

Adults 219 years 10000 


Source of intake should be from food and formula only. 


prevent additional ingestion and absorption of 
copper. More serious signs of acute copper toxic 
ity include severe liver damage, kidney failure, 
coma, and death. Of more concern from a nutri- 
tional standpoint is the possibility of liver dam- 
age resulting from long-term exposure to lower 
doses of copper. In generally healthy individuals, 
doses of up to 10 mg (10 000 ug) daily have not 
resulted in liver damage. For this reason, the US 
Food and Nutrition Board (FNB) of the Institute of 
Medicine set the tolerable upper intake level (UL) 
for copper at 10 mg/day from food and supple- 
ments (Table 16.3).° It should be noted that indi- 
viduals with genetic disorders affecting copper 
metabolism (e.g., Wilson disease, Indian child- 
hood cirrhosis, and idiopathic copper toxicosis) 
may be at risk for adverse effects of chronic cop- 
per toxicity at significantly lower intake levels. 
Recent evidence suggests that the UL of 10 mg/ 
day may be too high. Specifically, men in a re- 
search study consumed 7.8 mg/day of copper for 
147 days. They accumulated copper during that 
time, and some indices of immune function and 
antioxidant status suggested that these functions 
may have been adversely affected by the high 
copper intake.?®39 


Drug Interactions 


Relatively little is known about the interaction of 
copper with drugs. Penicillamine is used to bind 
copper and enhance its elimination in Wilson 
disease, a genetic disorder resulting in copper 
overload. Because penicillamine dramatically in- 
creases the urinary excretion of copper, individu- 
als taking the medication for reasons other than 
copper overload may have an increased copper 
requirement. In addition, antacids may interfere 
with copper absorption when used in very high 
amounts.” 


LPI Recommendation 


The RDA for copper (900 g/day for adults) is sufficient 
to prevent deficiency, but the lack of clear indicators of 
copper nutritional status in humans makes it difficult to 
determine the level of copper intake most likely to pro- 
mote optimum health or prevent chronic disease. A 
varied diet should provide enough copper for most 
people. For those who are concerned that their diet 
may not provide adequate copper, a multivitamin/min- 
eral supplement will generally provide at least the RDA 
for copper. 


Older Adults 

Because aging has not been associated with significant 
changes in the requirement for copper,*° our recom- 
mendation for copper is the same for adults aged over 
50 (900 ug/day). 
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Fluorine occurs naturally as the negatively 
charged ion, fluoride (F`). Fluoride is considered 
a trace element because only small amounts are 
present in the body (about 2.6g in adults), and 
because the daily requirement for maintaining 
dental health is only a few milligrams a day. 
About 95% of the total body fluoride is found in 
bones and teeth.! Although its role in the preven- 
tion of dental caries (tooth decay) is well estab- 
lished, fluoride is not generally considered an 
essential mineral element because humans do 
not require it for growth or to sustain life.2 How- 
ever, if one considers the prevention of chronic 
disease (dental caries) an important criterion in 
determining essentiality, then fluoride might 
well be considered an essential trace element. 


Function 


Fluoride is absorbed in the stomach and small in- 
testine. Once in the bloodstream it rapidly enters 
mineralized tissue (bones and developing teeth). 
At usual intake levels, fluoride does not accumu- 
late in soft tissue. The predominant mineral ele- 
ments in bone are crystals of calcium and phos- 
phate, known as hydroxyapatite crystals. Fluo- 
ride’s high chemical reactivity and small radius 
allow it to either displace the larger hydroxyl ion 
in the hydroxyapatite crystal, forming fluoroapa- 
tite, or to increase crystal density by entering 
spaces within the hydroxyapatite crystal. Fluoro- 
apatite hardens tooth enamel and stabilizes bone 
mineral.4 


Nutrient Interactions 


Both calcium and magnesium form insoluble 
complexes with fluoride and are capable of sig- 
nificantly decreasing fluoride absorption when 
present in the same meal. However, the absorp- 
tion of fluoride in the form of monofluorophos- 
phate, unlike sodium fluoride, is unaffected by 
calcium. Also, a diet low in chloride (i.e., salt) has 
been found to increase fluoride retention by re- 
ducing urinary excretion of fluoride.! 
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Deficiency - 


In humans, the only clear effect of inadequate 
fluoride intake is an increased risk of dental car- 
ies (tooth decay) for individuals of all ages. Epide- 
miological investigations of patterns of water 
consumption and the prevalence of dental caries 
across various US regions with different water 
fluoride concentrations led to the development 
of a recommended optimum range of fluoride 
concentration of 0.7-1.2 mg/L or parts per mil- 
lion (ppm); the lower concentration was recom- 
mended for warmer climates where water con- 
sumption is higher, and the higher concentration 
was recommended for colder climates. A number 
of studies conducted before the introduction of 
fluoride-containing toothpastes demonstrated 
that the prevalence of dental caries was 40%-60% 
lower in communities with optimal water fluo- 
ride concentrations than in communities with 
low water fluoride concentrations.” 


Adequate Intake 


The Food and Nutrition Board (FNB) of the Insti- 
tute of Medicine updated its recommendations 
for fluoride intake in 1997 (Table 17.1). The FNB 
felt that there were inadequate data to set a rec- 
ommended dietary allowance (RDA); instead, ad- 
equate intake (Al) was set based on estimated 
intakes (0.05 mg/kg body weight) that have been 
shown to reduce the occurrence of dental caries 
most effectively without causing the unwanted 
side effect of tooth enamel mottling known as 
dental fluorosis.” See “Safety,” p. 46, for a discus- 
sion of dental fluorosis. 


Table 17.1 Adequate intake for fluoride 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breast-feeding All ages 


Disease Prevention 


Dental Caries 


Specific cariogenic (cavity-causing) bacteria 
found in dental plaque are capable of metaboliz- 
ing certain carbohydrates (sugars) and convert- 
ing them to organic acids that can dissolve sus- 
ceptible tooth enamel. If unchecked, the bacteria 
may penetrate deeper layers of the tooth and 
progress into the soft pulp tissue at the center. 
Untreated caries can lead to severe pain, local in- 
fection, tooth loss or extraction, nutritional prob- 
lems, and serious systemic infections in suscep- 
tible individuals.® Increased fluoride exposure, 
most commonly through water fluoridation, has 
been found to decrease dental caries in children 
and adults.’ Fluoride consumed in water appears 
to have a systemic effect in children before teeth 
erupt, as well as a topical (surface) effect in adults 
and children after teeth have erupted, Between 
1950 and 1980, clinical studies in 20 different 
countries demonstrated that the addition of fluo- 
ride to community water supplies (0.7-1.2 ppm) 
reduced caries by 40%-50% in primary (baby) 
teeth and 50%-60% in permanent teeth.’ 
Although the role of fluoride in preventing 
dental caries is well established, the mechanisms 
for its effects are not entirely understood. Origi- 
nally, it was believed that fluoride incorporated 
into the enamel during tooth development re- 
sulted in a more acid-resistant enamel. More re- 
cent research indicates that the primary action of 
fluoride occurs topically after the teeth erupt 
into the mouth. When enamel is partially demin- 
eralized by organic acids, fluoride in the saliva 
can enhance the remineralization of enamel 


Disease Prevention 


Males (mg/day) Females (mg/day) 


0.01 0.01 
0.5 0.5 
0.7 0.7 
1.0 1.0 
2.0 2.0 
3.0 3.0 
4.0 3.0 
= 3.0 
= 3.0 


through its interactions with calcium and phos- 
phate. In the presence of fluoride, remineralized 
enamel contains more fluoride and is more resis- 
tant to demineralization. In salivary concentra- 
tions associated with optimum fluoride intake, 
fluoride has been found to inhibit bacterial en- 
zymes, resulting in reduced acid production by 
cariogenic bacteria.®’ 


Osteoporosis 


Although fluoride in pharmacological doses has 
been shown to be a potent therapeutic agent for 
increasing spinal bone mass, there is little evi- 
dence that water fluoridation at optimum levels 
for the prevention of dental caries is helpful in 
the prevention of osteoporosis. Most studies con- 
ducted to date have failed to find clinically sig- 
nificant differences in bone mineral density 
(BMD) or fracture incidence when comparing 
residents of areas with fluoridated water sup- 
plies with residents in areas without fluoridated 
water supplies.? However, two studies found that 
drinking water fluoridation was associated with 
decreased incidence of hip fracture in elderly 
people. In addition, one study in Italy found a sig- 
nificantly greater risk of femoral (hip) fractures 
in men and women residing in an area with low 
water fluoridation (0.05 ppm) compared with 
the risk in a similar population where the water 
supply was naturally fluoridated (1.45 ppm) at 
higher than optimum levels for prevention of 
dental caries. Another study in Germany found 
no significant difference in BMD between resi- 
dents of a community whose water supply had 
been optimally fluoridated for 30 years (1 ppm) 


144 


17 Fluoride (Fluorine) 


compared with those who resided in a commu- 
nity without fluoridated water. However, this 
study reported that the incidence of hip fracture 
in men and women, aged 85 years or older, was 
significantly lower in the community with fluori- 
dated water compared with the community with 
nonfluoridated water, despite higher calcium lev- 
els in the nonfluoridated water supply.'° More 
recently, a community-based study in 1300 
women found that elevated serum fluoride con- 
centrations were not related to BMD or to osteo- 
porotic fracture incidence."! 


Disease Treatment 


Osteoporosis 


Osteoporosis is characterized by decreased BMD 
and increased bone fragility and susceptibility to 
fracture. In general, decreased BMD is associated 
with increased risk of fracture. However, the usu- 
al relationship between BMD and fracture risk 
does not always hold true when very high (phar- 
macological) doses of fluoride are used to treat 
osteoporosis. Most available therapies for osteo- 
porosis (e.g., estrogen, calcitonin, and bisphos- 
phonates) decrease bone loss (resorption), re- 
sulting in very small increases in BMD. Pharma- 
cological doses of fluoride are capable of produc- 
ing large increases in the BMD of the lumbar 
spine. Overall, therapeutic trials of fluoride in 
patients with osteoporosis have not consistently 
demonstrated significant decreases in the occur- 
rence of vertebral fracture despite dramatic in- 
creases in lumbar spine BMD.!? A meta-analysis 
of 11 controlled studies, including 1429 partici- 
pants, found that fluoride treatment resulted in 
increased BMD at the lumbar spine but was not 
associated with a lower risk of vertebral frac 
tures.'3 This meta-analysis also found that higher 
concentrations of fluoride were associated with 
increased risk of nonvertebral fractures. Early 
studies using high doses of sodium fluoride 
(75 mg/day) may have induced rapid bone min- 
eralization in the absence of adequate calcium 
and vitamin D, resulting in denser bones that 
were not mechanically stronger.'* Some con- 
trolled studies using lower doses, intermittent 
dosage schedules, or slow-release formulations 
(entericcoated sodium fluoride) have demon- 
strated a decreased incidence of vertebral frac- 


ture along with increased bone density of the 
lumbar spine.!5-17 

Analysis of bone architecture has also shed 
some light on the inconsistent effect of fluoride 
therapy in reducing vertebral fractures. Recent 
research indicates that osteoporosis may be as- 
sociated with an irreversible change in the archi- 
tecture of bone known as decreased trabecular 
connectivity. Normal bone consists of a series of 
plates interconnected by thick rods. Severely os- 
teoporotic bone has fewer plates, and the rods 
may be fractured or disconnected (decreased tra- 
becular connectivity). Despite fluoride therapy 
increasing bone density, it probably cannot re- 
store connectivity in patients with severe bone 
loss. Thus, fluoride therapy may be less effective 
in osteoporotic individuals who have already lost 
substantial trabecular connectivity.!2!8 

Serious side effects have been associated with 
the high doses of fluoride used to treat osteopo- 
rosis. They include gastrointestinal irritation, 
joint pain in the lower extremities, and the devel- 
opment of calcium deficiency as well as stress 
fractures. The reasons for the occurrence of lower 
extremity joint pain and stress fractures in pa- 
tients taking fluoride for osteoporosis remain 
unclear, but they may be related to rapid increas- 
es in bone formation without sufficient calcium 
to support such an increase.'? Currently, enteric 
coated sodium fluoride or monofluorophosphate 
preparations offer a lower side-effect profile than 
the high-dose sodium fluoride used in earlier tri- 
als. In addition, sufficient calcium and vitamin D 
must be provided to support fluoride-induced 
bone formation. Although fluoride therapy may 
be beneficial for the treatment of osteoporosis in 
appropriately selected and closely monitored in- 
dividuals, uncertainty about its safety and bene- 
fit in reducing fractures has kept the US Food and 
Drug Administration from approving fluoride 
therapy for osteoporosis.!? Combinations of 
lower doses of fluoride with antiresorptive 
agents, such as estrogen or bisphosphonates, 
may improve therapeutic results while minimiz- 
ing side effects, and thus these therapies are con- 
sidered worthy of further study.2%! 


Sources 
Water Fluoridation 


The major source of dietary fluoride in the US 
diet is drinking water. When water is fluoridated, 
it is adjusted to between 0.7 and 1.2 mg fluoride/ 
liter, which is 0.7-1.2 ppm. This concentration 
has been found to decrease the incidence of den- 
tal caries while minimizing the risk of dental 
fluorosis and other adverse effects. Approxi- 
mately 62% of the US population consumes water 
with sufficient fluoride for the prevention of den- 
tal caries. The average fluoride intake for adults 
living in fluoridated communities ranges from 
1.4 mg/day to 3.4 mg/day. As well water can vary 
greatly in its fluoride content, people who con- 
sume water from wells should have the fluoride 
content of their water tested by their local water 
district or health department. Water fluoride 
testing may also be warranted in households that 
use home water treatment systems. Although 
water softeners are not thought to change water 
fluoride levels, reverse osmosis systems, distilla- 
tion units, and some water filters have been 
found to remove significant amounts of fluoride 
from water. However, Brita-type filters do not re- 
move fluoride.>:!9 

Bottled water sales have grown exponentially 
in the United States in recent years, and studies 
have found that most bottled waters contain sub- 
optimal levels of fluoride, although there is con- 
siderable variation. For example, a study of 78 
different bottled water products in lowa found 
that over 80% had fluoride concentrations of less 
than 0.3 ppm; however, 10% of the tested prod- 
ucts had fluoride concentrations of 0.7 ppm or 
greater.2* Several other studies have reported 
similar findings, with most bottled waters rela- 
tively low in fluoride, but a few in the optimal 
range or higher.?3-4 

Although consumption of fluoride from water 
presents very little risk of adverse effects in 
adults except in extreme circumstances, con- 
sumption of relatively large amounts of water 
mixed with formula concentrates appears to in- 
crease the risk for the development of dental 
fluorosis in infants.?>6 One study found that, on 
average, at least half of all fluoride ingested by 
infants aged 6 months and younger was from wa- 
ter mixed with formula concentrates.?” 


Sources 


Table 17.2 Food sources of fluoride 


Food Serving Fluoride (mg) 
Canned 100g 0.2-0.4 
sardines, with (3.5 ounces) 
bones 
Tea 100 mL 0.1-0.6 

(3.5 fluid ounces) 
Fish, without 100g 0.01-0.17 
bones (3.5 ounces) 
Chicken 100g 0.06-0.10 


(3.5 ounces) 


Food and Beverage Sources 


The fluoride content of most foods is low 
(<0.05 mg/100g). Rich sources of fluoride in- 
clude tea, which concentrates fluoride in its 
leaves, and marine fish that are consumed with 
their bones (e.g., sardines). Foods made with me- 
chanically separated (boned) chicken, such as 
canned meats, hot dogs, and infant foods, also 
add fluoride to the diet.” In addition, certain 
fruit juices, particularly grape juices, often have 
relatively high fluoride concentrations.?? Foods 
generally contribute only 0.3-0.6 mg of the daily 
intake of fluoride. An adult male residing in a 
community with fluoridated water has an intake 
range from 1 mg/day to 3 mg/day. Intake is less 
than 1mg/day in nonfluoridated areas.? Table 
17.2 provides a range of fluoride content for a 
few fluoride-rich foods and beverages.’ 


Supplements 


Fluoride supplements, available only by pre- 
scription, are intended for children living in areas 
with low water fluoride concentrations for the 
purpose of bringing their intake to approximately 
Img/day.° The American Dental Association 
recommends fluoride supplements for those 
children living in areas with suboptimal water 
fluoridation.*° The supplemental fluoride dosage 
schedule in Table 17.3 was recommended by the 
American Dental Association, the American 
Academy of Pediatric Dentistry, and the Ameri- 
can Academy of Pediatrics.?! It requires knowl- 
edge of the fluoride concentration of local drink- 
ing water as well as other possible sources of 
fluoride intake. 
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Table 17.3 Fluoride Supplement Schedule Recommended by the American Dental Association, the American Acade- 
my of Pediatric Dentistry, and the American Academy of Pediatrics 


Quantity needed if fluoride ion level in drinking water (ppm)? 


Age 

<0.3 
Birth-6 months None 
6 months~3 years 0.25 mg/day? 
3 years-6 years 0.50 mg/day 
6 years-16 years 1.0 mg/day 


41.0 part per million (ppm) = 1 mg/L. 
62.2 mg sodium fluoride contains 1 mg fluoride ion. 


Toothpaste 


Fluoridated toothpastes are very effective in pre- 
venting dental caries but also add considerably to 
fluoride intake of children, especially young chil- 
dren who are more likely to swallow toothpaste. 
Researchers estimate that children under 6 years 
of age ingest an average of 0.3 mg fluoride from 
toothpaste with each brushing. Children under 
the age of 6 years who ingest more than two or 
three times the recommended fluoride intake are 
at increased risk of a white speckling or mottling 
of the permanent teeth, known as dental fluoro- 
sis. A major source of excess fluoride intake in 
this age group comes from swallowing fluoride- 
containing toothpaste. To prevent dental fluoro- 
sis while providing optimum protection from 
tooth decay, it is recommended that parents su- 
pervise children aged under 6 years while brush- 
ing with fluoridated toothpaste. In addition to 
discouraging the swallowing of toothpaste, chil- 
dren should be encouraged to use no more thana 
pea-size application of toothpaste and to rinse 
their mouths with water after brushing.!° 


Safety 
Adverse Effects 


Fluoridation of public drinking water in the Unit- 
ed States was initiated over 50 years ago. Since 
then, a number of adverse effects have been at- 
tributed to water fluoridation. However, exten- 
sive scientific research has uncovered no evi- 
dence of increased risks of cancer, heart disease, 
kidney disease, liver disease, Alzheimer disease, 
birth defects, or Down syndrome.223 The use of 
high doses of fluoride to treat osteoporosis has 
been associated with some adverse effects, which 
are discussed under “Disease Treatment,” p. 144. 


0.3-0.6 >0.6 
None X None 
None None 
0.25 mg/day None 
0.50 mg/day None 


Acute toxicity. Fluoride is toxic when consumed 
in excessive amounts, so concentrated fluoride 
products should be used and stored with caution 
to prevent the possibility of acute fluoride poi- 
soning, especially in children and other vulnera- 
ble individuals. The lowest dose that could trig- 
ger adverse symptoms is considered to be 5 mg/ 
kg body weight, with the lowest potentially fatal 
dose considered to be 15 mg/kg body weight. 
Nausea, abdominal pain, and vomiting almost al- 
ways accompany acute fluoride toxicity. Other 
symptoms such as diarrhea, excessive salivation 
and tearing, sweating, and generalized weakness 
may also occur. To prevent acute fluoride poi- 
soning, the American Dental Association has rec- 
ommended that no more than 120mg fluoride 
(224mg sodium fluoride) be dispensed at one 
time.!? 


Dental fluorosis. The mildest form of dental flu- 
orosis is detectable only to the trained observer 
and is characterized by small opaque white flecks 
or spots on the enamel of the teeth. Moderate 
dental fluorosis is characterized by mottling and 
mild staining of the teeth, and severe dental fluo- 
rosis results in marked staining and pitting of the 
teeth. In its moderate-to-severe forms, dental 
fluorosis becomes a cosmetic concern when it af- 
fects the incisors and canines (front teeth). Den- 
tal fluorosis is a result of excess fluoride intake 
before the eruption of the first permanent teeth 
(generally before 8 years of age). It is also a dose- 
dependent condition, with higher fluoride in- 
takes being associated with more pronounced 
effects on the teeth. The risk of mild-to-moderate 
dental fluorosis appears to increase significantly 
at an intake two to three times that recommend- 
ed for children of a susceptible age, while severe 
dental fluorosis has been seen in the United 


Safety 


Table 17.4 Tolerable upper intake level (UL) for fluoride 


Life stage Age UL (mg/day) 
Infants 0-6 months 0.7 

Infants 7-12 months 0.9 

Children 1-3 years 1.3 

Children 4-8 years 22 

Children 9-13 years 10.0 
Adolescents 14-18 years 10.0 

Adults 219 years 10.0 


States only at fluoride intakes about five times 
the recommended level.” The incidence of mild 
and moderate dental fluorosis has increased over 
the past 50 years, mainly due to increasing fluo- 
ride intake from toothpaste, although inappro- 
priate use of fluoride supplements may also con- 
tribute. In 1997, the FNB based the tolerable up- 
per intake levels (ULs) for fluoride on the preven- 
tion of moderate enamel fluorosis.° The UL for 
each life stage is presented in Table 17.4. 


Skeletal fluorosis. Intake of fluoride at excessive 
levels for long periods of time may lead to chang- 
es in bone structure known as skeletal fluorosis. 
The early stages of skeletal fluorosis are charac- 
terized by increased bone mass, detectable on a 
radiograph. If very high fluoride intake persists 
over many years, joint pain and stiffness may re- 
sult from the skeletal changes. The most severe 
form of skeletal fluorosis is known as crippling 
skeletal fluorosis, which may result in calcifica- 
tion of ligaments, immobility, muscle wasting, 
and neurological problems related to spinal cord 
compression. Most estimates indicate that crip- 
pling skeletal fluorosis occurs only when fluoride 
intakes exceed 10-25 mg/day for at least 10 
years. Crippling skeletal fluorosis is extremely 
rare in the United States; in fact, only five cases 
have been confirmed in the last 35 years. Inter- 
estingly, studies of communities in the United 
States where water fluoride concentrations were 
as high as 20 mg/L (ppm), allowing for fluoride 
intakes as high as 20 mg/day, did not find evi- 
dence of crippling skeletal fluorosis. Such water 
fluoride concentrations are higher than those 
known to have resulted in crippling skeletal fluo- 
rosis in other countries, suggesting that meta- 
bolic or dietary factors might render some popu- 
lations more susceptible.>7 


Drug Interactions 


Calcium supplements, as well as calcium- and 
aluminum-containing antacids, can decrease the 
absorption of fluoride. It is best to take these 
products 2 hours before or after fluoride supple- 
ments.?4 


LPI Recommendation 


The safety and public health benefits of optimally fluo- 
ridated water for prevention of tooth decay in people of 
all ages have been well established. The Linus Pauling 
Institute supports the recommendations of the Ameri- 
can Dental Association and the Centers for Disease Con- 
trol and Prevention, which include optimally fluoridated 
water as well as the use of fluoride toothpaste, fluoride 
mouthrinse, fluoride varnish, and, when necessary, flu- 
oride supplementation. Due to the risk of fluorosis, any 
fluoride supplementation should be prescribed and 
closely monitored by a dentist or physician. 


Older Adults 

Available evidence does not support a need for fluoride 
supplementation in generally healthy older adults (50 
years), even in communities without optimally fluori- 
dated water supplies. 
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lodine 


lodine, a nonmetallic trace element, is required 
by humans for the synthesis of thyroid hor- 
mones. Iodine deficiency is an important health 
problem throughout much of the world. Most of 
the earth’s iodine is found in oceans, and the io- 
dine content in the soil varies with the region. 
The older an exposed soil surface, the more likely 
that the iodine has been leached away by erosion. 
Mountainous regions, such as the Himalayas, the 
Andes, and the Alps, and flooded river valleys, 
such as the Ganges, are among the most severely 
iodine-deficient areas in the world.! 


Function 


Iodine is an essential component of the thyroid 
hormones, triiodothyronine (T3) and thyroxine 
(T4), and is therefore essential for normal thyroid 
function. To meet the body’s demand for thyroid 
hormones, the thyroid gland traps iodine from 
the blood and incorporates it into thyroid hor- 
mones that are stored and released into the cir- 
culation when needed. In target tissues, such as 
the liver and the brain, T3, the physiologically ac 
tive thyroid hormone, can bind to thyroid recep- 
tors in the nuclei of cells and regulate gene ex- 
pression. In target tissues, T4, the most abundant 
circulating thyroid hormone, can be converted to 
T by selenium-containing enzymes known as 
deiodinases. In this manner, thyroid hormones 
regulate a number of physiological processes, in- 
cluding growth, development, metabolism, and 
reproductive function. !? 

The regulation of thyroid function is a com- 
plex process that involves the brain (hypothala- 
mus) and pituitary gland. In response to thyro- 
tropin-releasing hormone (TRH) secretion by the 
hypothalamus, the pituitary gland secretes thy- 
roid-stimulating hormone (TSH), which stimu- 
lates iodine trapping, thyroid hormone synthesis, 
and release of T; and T, by the thyroid gland. The 
presence of adequate circulating T, and T; levels 
feeds back at the level of both the hypothalamus 
and the pituitary, decreasing TRH and TSH pro- 
duction (Fig. 18.1). When circulating T, levels de- 


crease, the pituitary increases its secretion of 
TSH, resulting in increased iodine trapping as 
Well as increased production and release of both 
T; and T,. Iodine deficiency results in inadequate 
production of T4. In response to decreased blood 
levels of T,, the pituitary gland increases its out- 
put of TSH. Persistently elevated TSH levels may 
lead to hypertrophy (enlargement) of the thyroid 
gland, also known as goiter.? 


Deficiency 


Iodine deficiency is now accepted as the most 
common cause of preventable brain damage in 
the world. The spectrum of iodine deficiency dis- 
orders includes learning disabilities, hypothy- 
roidism, goiter, and varying degrees of other 
growth and developmental abnormalities.'4 The 
World Health Organization (WHO) estimated 
that over 30% of the world’s population (2 billion 
people) has insufficient iodine intake as mea- 
sured by urinary iodine excretion below 
100 pg/L;> urinary iodine is an indicator of iodine 
status. Moreover, an estimated 31.5% of school- 
age children (6-12 years old) worldwide (266 
million total children) have insufficient iodine 
intake.” Major international efforts have pro- 
duced dramatic improvements in the correction 
of iodine deficiency in the 1990s, mainly through 
the use of iodized salt in iodine-deficient coun- 
tries. Today, 70% of households in the world use 
iodized salt.’ 

Thyroid enlargement, or goiter, is one of the 
earliest and most visible signs of iodine deficiency. 
The thyroid enlarges in response to persistent 
stimulation by TSH. In mild iodine deficiency, 
this adaptive response may be enough to provide 
the body with sufficient thyroid hormone. How- 
ever, more severe cases of iodine deficiency re- 
sult in hypothyroidism. Adequate iodine intake 
will generally reduce the size of goiters, but the 
reversibility of the effects of hypothyroidism de- 
pends on an individual's stage of development. 
Iodine deficiency has adverse effects in all stages 
of development but is most damaging to the 
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Fig. 18.1a,b lodine intake and thyroid function. In re- 
sponse to thyrotropin-releasing hormone (TRH) secretion 
by the hypothalamus, the pituitary gland secretes thy- 
roid-stimulating hormone (TSH), which stimulates iodine 
trapping, thyroid hormone synthesis, and release of T, 
(triiodothyronine) and T, (thyroxine) by the thyroid gland. 
(a) When dietary iodine intake is sufficient, the presence 
of adequate circulating T4 and T; feeds back at the level of 
both the hypothalamus and the pituitary, decreasing TRH 


developing brain. In addition to regulating many 
aspects of growth and development, thyroid hor- 
mone is important for myelination of the central 
nervous system, which is most active before and 
shortly after birth.26 


The Effects of lodine Deficiency by 
Developmental Stage 


Prenatal development. Fetal iodine deficiency is 
caused by iodine deficiency in the pregnant 
woman. One of the most devastating effects of 
maternal iodine deficiency is congenital hypo- 
thyroidism. A severe form of congenital hypothy- 
roidism may lead to a condition that is some- 
times referred to as cretinism and result in irre- 
versible learning disability. Cretinism occurs in 
two forms, although there is considerable over- 
lap between them. The neurological form is char- 


negative 


Hypothalamus feedback 


` 
| 
| 
l 
l 
l 
| 
| 
| 


Anterior pituitary 


feedback 


Thyroid 
hypertrophy 
(goiter) 


and TSH production. When circulating T, levels decrease, 
the pituitary increases its secretion of TSH, resulting in 
increased iodine trapping as well as increased production 
and release of both T; and T,. (b) Dietary iodine deficien- 
cy results in inadequate production of T4. In response to 
decreased blood levels of T,, the pituitary gland increases 
its output of TSH. Persistently elevated TSH levels may 
lead to hypertrophy of the thyroid gland, also known as 
goiter. 


acterized by learning disability and physical re- 
tardation and deafness, and is the result of ma- 
ternal iodine deficiency that affects the fetus be- 
fore its own thyroid is functional. The 
myxedematous or hypothyroid form is character- 
ized by short stature and learning disability. In 
addition to iodine deficiency, the hypothyroid 
form has been associated with selenium defi- 
ciency and the presence of goitrogens in the diet 
which interfere with thyroid hormone produc 
tion.’ 


Newborns and infants. Infant mortality is in- 
creased in areas of iodine deficiency, and several 
studies have demonstrated an increase in child- 
hood survival on correction of the iodine defi- 
ciency.’ Infancy is a period of rapid brain growth 
and development. Sufficient thyroid hormone, 
which depends on adequate iodine intake, is es- 


Deficiency 


sential for normal brain development. Even in 
the absence of congenital hypothyroidism, iodine 
deficiency during infancy may result in abnormal 
brain development and, consequently, impaired 
intellectual development.!° 


Children and adolescents. Iodine deficiency in 
children and adolescents is often associated with 
goiter. The incidence of goiter peaks in adoles- 
cence and is more common in girls. Schoolchil- 
dren in iodine-deficient areas show poorer 
school performance, lower IQs, and a higher inci- 
dence of learning disabilities than matched 
groups from iodine-sufficient areas. A meta-anal- 
ysis of 18 studies concluded that iodine deficien- 
cy alone lowered mean IQ scores in children by 
13.5 points.!1.12 


Adults. Inadequate iodine intake may also result 
in goiter and hypothyroidism in adults. Although 
the effects of hypothyroidism are more subtle in 
the brains of adults than children, research sug- 
gests that hypothyroidism results in slower re- 
sponse times and impaired mental function.! 
Other symptoms of hypothyroidism include fa- 
tigue, weight gain, cold intolerance, and consti- 
pation. 


Pregnancy and lactation. lodine requirements 
are increased in pregnant and breast-feeding 
women (Table 18.1).° Iodine deficiency during 
pregnancy has been associated with increased 
incidence of miscarriage, stillbirth, and birth de- 
fects. Moreover, severe iodine deficiency during 
pregnancy may result in congenital hypothyroid- 
ism and neurocognitive deficits in the offspring.®® 


Table 18.1 Recommended dietary allowance for iodine 


lodine-deficient women who are breast-feeding 
may not be able to provide sufficient iodine to 
their infants who are particularly vulnerable to 
the effects of iodine deficiency.' A daily prenatal 
supplement providing 150g iodine, as recom- 
mended by the American Thyroid Association,!? 
will help to ensure that US pregnant and breast- 
feeding women consume sufficient iodine during 
these critical periods. 


Because iodine deficiency results in increased io- 
dine trapping by the thyroid, iodine-deficient in- 
dividuals of all ages are more susceptible to radi- 
ation-induced thyroid cancer as well as to iodine- 
induced hyperthyroidism. ! 


Nutrient Interactions 


Selenium deficiency can exacerbate the effects of 
iodine deficiency. Iodine is essential for the syn- 
thesis of thyroid hormone, but selenium-depen- 
dent enzymes (iodothyronine deiodinases) are 
also required for the conversion of T, to the bio- 
logically active thyroid hormone, T3.6* In addi- 
tion, deficiencies of vitamin A or iron may exac- 
erbate the effects of iodine deficiency.®!4 


Goitrogens 


Some foods contain substances that interfere 
with iodine utilization or thyroid hormone pro- 
duction; these substances are called goitrogens. 
The occurrence of goiter in the Democratic Re- 
public of Congo has been related to the consump- 
tion of cassava, which contains a compound that 
is metabolized to thiocyanate and blocks thyroi- 


Life stage Age Males (p1g/day) Females (yg/day) 
Infants 0-6 months 110 (Al) 110 (Al) 

Infants 7-12 months 130 (Al) 130 (Al) 

Children 1-3 years 90 90 

Children 4-8 years 90 90 

Children 9-13 years 120 120 

Adolescents 14-18 years 150 150 

Adults 219 years 150 150 

Pregnancy All ages - 220 
Breastfeeding All ages - 290 


Al, adequate intake. 
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dal uptake of iodine. Some species of millet and 
cruciferous vegetables (e.g., cabbage, broccoli, 
cauliflower, and Brussels sprouts) also contain 
goitrogens. Further, the soybean isoflavones, ge- 
nistein and daidzein, have been found to inhibit 
thyroid hormone synthesis.'> Most of these goi- 
trogens are not of clinical importance unless they 
are consumed in large amounts or there is coex- 
isting iodine deficiency. Tobacco smoking may be 
associated with an increased risk of goiter in io- 
dine-deficient areas.'® 


Individuals at Risk of lodine 
Deficiency 


Although the risk of iodine deficiency for popula- 
tions living in iodine-deficient areas without ade- 
quate iodine fortification programs is well recog- 
nized, concerns have been raised that certain sub- 
populations may not consume adequate iodine in 
countries considered to be iodine sufficient. Veg- 
etarian and nonvegetarian diets that exclude io- 
dized salt, fish, and seaweed have been found to 
contain very little iodine.'®!”'8 Urinary iodine 
excretion studies suggest that iodine intakes have 
declined in Switzerland,'? New Zealand,?° and the 
United States,?! possibly due to increased adher- 
ence to dietary recommendations to reduce salt 
intake. However, data from the latest US assess- 
ment, the National Health and Nutrition Examina- 
tion Survey 2003-2004, indicate that iodine in- 
take has stabilized,” and the United States is cur- 
rently considered to be iodine sufficient. Also, a 
recent study found that the iodine status of chil- 
dren and pregnant women in Switzerland im- 
proved after a mandated increase in iodine con- 
centration of iodized salt in 1998.19 Switzerland is 
now considered to be iodine sufficient.” 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) for 
iodine was re-evaluated by the Food and Nutri- 
tion Board (FNB) of the Institute of Medicine in 
2001 (see Table 18.1). The recommended 
amounts were calculated using several methods, 
including the measurement of iodine accumula- 
tion in the thyroid glands of individuals with 
normal thyroid function. These recommenda- 
tions are in agreement with those of the Interna- 
tional Council for the Control of Iodine Deficiency 
Disorders, the WHO, and UNICEF2 


Disease Prevention 
Radiation-induced Thyroid Cancer 


Radioactive iodine, especially 111, may be re- 
leased into the environment as a result of nuclear 
reactor accidents. Thyroid accumulation of radio- 
active iodine increases the risk of developing thy- 
roid cancer, especially in children. The increased 
iodine trapping activity of the thyroid gland in 
iodine deficiency results in increased thyroid ac 
cumulation of '3"I. Thus, iodine-deficient indi- 
viduals are at increased risk of developing radia- 
tion-induced thyroid cancer because they will 
accumulate greater amounts of radioactive io- 
dine. Potassium iodide administered in pharma- 
cological doses (50-100 mg for adults) within 48 
hours before or 8 hours after radiation exposure 
from a nuclear reactor accident can significantly 
reduce thyroid uptake of '3"I and decrease the 
risk of radiation-induced thyroid cancer.24 The 
prompt and widespread use of potassium iodide 
prophylaxis in Poland after the 1986 Chernobyl 
nuclear reactor accident may explain the lack of a 
significant increase in childhood thyroid cancer 
in Poland compared with fallout areas where po- 
tassium iodide prophylaxis was not widely 
used.” In the United States, the Nuclear Regula- 
tory Commission requires that consideration be 
given to potassium iodide as a protective mea- 
sure for the general public in the case of a major 
release of radioactivity from a nuclear power 
plant.26 


Disease Treatment 


Fibrocystic Breast Condition 


Fibrocystic breast condition is a benign (noncan- 
cerous) condition of the breasts, characterized by 
lumpiness and discomfort in one or both breasts. 
In estrogen-treated rats, iodine deficiency leads 
to changes similar to those seen in fibrocystic 
breast condition, whereas iodine repletion re- 
verses those changes.*’ An uncontrolled study of 
233 women with fibrocystic breast condition 
found that treatment with aqueous molecular io- 
dine (I,) at a dose of 0.08 mg l/kg body weight 
daily over 6-18 months was associated with im- 
provement in pain and other symptoms in over 
70% of those treated.” About 10% of the study 
participants reported side effects that were de- 


Safety 


o EE 


scribed by the investigators as minor. A double- 
blind, placebo-controlled trial of aqueous l, 
(0.07-0.09 mg l/kg body weight daily for 6 
months) in 56 women with fibrocystic breast 
condition found that 65% of the women taking l, 
reported improvement compared with 33% of 
those taking the placebo.2® More recently, a dou- 
ble-blind, placebo-controlled, clinical trial in 111 
women with documented breast pain reported 
that l, (3 or 6 mg/day) for 5 months improved 
overall pain.29 In this study, more than half the 
women receiving the highest dosage of I, report- 
ed a reduction of 50% or more in self-assessed 
breast pain compared with 8.3% in those receiv- 
ing placebo. Large-scale, controlled clinical trials 
are needed to determine the therapeutic value of 
l in fibrocystic breast condition. The doses of 
iodine used in these studies (3-7 mg/day for a 
60-kg person) are several times higher than the 
tolerable upper intake level (UL) recommended 
by the FNB and should be used only under medi- 
cal supervision. 


Sources 


Food Sources 


The iodine content of most foods depends on the 
iodine content of the soil. Seafood is rich in io- 
dine because marine animals can concentrate 
the iodine from seawater. Certain types of sea- 
weed (e.g., wakame) are also very rich in iodine. 
Processed foods may contain slightly higher lev- 
els of iodine due to the addition of iodized salt or 
food additives, such as calcium and potassium 
iodate. Dairy products are relatively good sources 
of iodine because iodine is commonly added to 
animal feed in the United States. In the United 
Kingdom and northern Europe, iodine levels in 
dairy products tend to be lower in summer when 
cattle are allowed to graze in pastures with low 
soil iodine content.® Table 18.2 lists the iodine 
content of some iodine-rich foods. Because the 
iodine content of foods can vary considerably, 
these values should be considered approximate.*° 


Supplements 


Potassium iodide is available as a nutritional sup- 
plement, typically in combination products, such 
as multivitamin/mineral supplements. Iodine 
makes up approximately 77% of the total weight 


Table 18.2 Food sources of iodine 


Food Serving lodine (ug) 

Cod 3 ounces? 99 

Salt (iodized) 1 gram 77 

Potato with 1 medium 60 

peel, baked 

Milk (cow’s) 1 cup 56 

(8 fluid ounces) 

Shrimp 3 ounces 35 

Fish sticks 2 fish sticks 35 

Turkey breast, 3 ounces 34 

baked 

Navy beans, Ya cup 32 

cooked 

Tuna, canned 3 ounces 17 

in oil (% can) 

Egg, boiled 1 large 12 

Seaweed 14 ounce, dried Variable; may be 
> 4500 ug 
(4.5 mg) 


3A three-ounce serving of meat or seafood is about the 
size of a deck of cards. 


of potassium iodide.'° A multivitamin/mineral 
supplement that contains 100% of the daily value 
for iodine provides 150 ug iodine. Although most 
people in the United States consume sufficient 
iodine in their diets from iodized salt and food 
additives, an additional 150 pg/day is unlikely to 
result in excessive iodine intake. 

Potassium iodide as well as potassium iodate 
may be used to iodize salt. In the United States 
and Canada, iodized salt contains 77 ug iodine/g 
salt. In other countries, salt commonly contains 
20-40 pg iodine/g salt; the iodization level de- 
pends on variables such as iodine intake from 
other sources and daily salt consumption. Annual 
doses of iodized vegetable oil are also used in 
some countries as an iodine source.?! 


Safety 


Acute Toxicity 


Acute iodine poisoning is rare and usually occurs 
only with doses of many grams. Symptoms of 
acute iodine poisoning include burning of the 
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mouth, throat, and stomach; fever; nausea; vom- 
iting; diarrhea; a weak pulse; and coma.® 


lodine Excess 


It is rare for diets of natural foods to supply more 
than 2000ug iodine/day, and most diets supply 
less than 1000 pg iodine/day. People living in the 
northern coastal regions of Japan, whose diets 
contain large amounts of seaweed, have been 
found to have iodine intakes ranging from 
50000 pg to 80000 ug (50-80 mg) iodine/day.! 


lodine deficiency. lodine supplementation pro- 
grams in iodine-deficient populations have been 
associated with an increased incidence of iodine- 
induced hyperthyroidism (IHH), mainly in older 
people and those with multinodular goiter. lo- 
dine intakes of 150-200 ug/day have been found 
to increase the incidence of IHH in iodine-defi- 
cient populations. lodine deficiency increases the 
risk of developing autonomous thyroid nodules 
that are unresponsive to the normal thyroid reg- 
ulation system, resulting in hyperthyroidism af- 
ter iodine supplementation. IHH is considered by 
some experts to be an iodine deficiency disorder. 
In general, the large benefit of iodization pro- 
grams outweighs the small risk of IHH in iodine- 
deficient populations.'+! 


lodine sufficiency. In iodine-sufficient popula- 
tions (e.g., the United States), excess iodine in- 
take is most commonly associated with elevated 
blood levels of TSH, hypothyroidism, and goiter. 
Although a slightly elevated TSH level does not 
necessarily indicate inadequate thyroid hormone 
production, it is the earliest sign of abnormal 
thyroid function when iodine intake is excessive. 
In iodine-sufficient adults, elevated TSH levels 
have been found at iodine intakes between 1700 
and 1800 g/day. In order to minimize the risk of 
developing hypothyroidism, the FNB set a UL for 
iodine at 1100 ug/day for adults. Very high (phar- 
macological) doses of iodine may also produce 
thyroid enlargement (goiter) due to increased 
TSH stimulation of the thyroid gland. Prolonged 
intakes of more than 18 000p1¢/day (18 mg/day) 
have been found to increase the incidence of goi- 
ter. The UL values for iodine are listed by life 
stage in Table 18.3. The UL is not meant to apply 
to individuals who are being treated with iodine 
under medical supervision.® 


Table 18.3 Tolerable upper intake level (UL) for iodine 


Life stage Age UL (pg/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 200 

Children 4-8 years 300 

Children 9-13 years 600 

Adolescents 14-18 years 900 

Adults 219 years 1100 


aSource of intake should be from food and formula only. 


Individuals with increased sensitivity to excess 
iodine intake. Individuals with iodine deficiency, 
nodular goiter, or autoimmune thyroid disease 
may be sensitive to intake levels considered safe 
for the general population and may not be pro- 
tected by the UL for iodine intake. Children with 
cystic fibrosis may also be more sensitive to the 
adverse effects of excess iodine.*2 


Excess iodine and thyroid cancer. Observational 
studies have found increased iodine intake to be 
associated with an increased incidence of thyroid 
papillary cancer. The reasons for this association 
are not clear. In populations that were previously 
iodine deficient, salt iodization programs have 
resulted in relative increases in thyroid papillary 
cancers and relative decreases in thyroid follicu- 
lar cancers. In general, thyroid papillary cancers 
are less aggressive and have a better prognosis 
than thyroid follicular cancers.*? 


Drug Interactions 


Amiodarone, a medication used to prevent ab- 
normal heart rhythms, contains high levels of io- 
dine and may affect thyroid function. Medica- 
tions used to treat hyperthyroidism, such as pro- 
pylthiouracil and methimazole, may increase the 
risk of hypothyroidism. In addition, the use of 
lithium in combination with pharmacological 
doses of potassium iodide may result in hypothy- 
roidism. Further, the use of pharmacological 
doses of potassium iodide may decrease the anti- 
coagulant effect of warfarin.®32 


Safety 


LPI Recommendation 


The RDA for iodine is sufficient to ensure normal thyroid 
function. There is currently no evidence that iodine in- 
takes higher than the RDA are beneficial. Most people 
in the United States consume more than sufficient io- 
dine in their diets, making supplementation unneces- 
sary. Given the importance of sufficient iodine during 
fetal development and infancy, pregnant and breast- 
feeding women should consider taking a supplement 
that provides 150 pg/day of iodine. 


Older Adults 

As aging has not been associated with significant 
changes in the requirement for iodine, our recommen- 
dation for iodine intake is no different for older adults. 
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19 Iron 


lron has the longest and best described history of 
all the micronutrients. It is a key element in the 
metabolism of almost all living organisms. In hu- 
mans, iron is an essential component of hun- 
dreds of proteins and enzymes.' 


Function 


Oxygen Transport and Storage 


Heme is an iron-containing compound found ina 
number of biologically important molecules. He- 
moglobin and myoglobin are heme-containing 
proteins involved in the transport and storage of 
oxygen. Hemoglobin is the primary protein 
found in red blood cells and represents about 
two-thirds of the body’s iron. The vital role of he- 
moglobin in transporting oxygen from the lungs 
to the rest of the body is derived from its unique 
ability to acquire oxygen rapidly during the short 
time that it spends in contact with the lungs and 
to release oxygen as needed during its circulation 
through the tissues. Myoglobin functions in the 
transport and short-term storage of oxygen in 
muscle cells, helping to match the supply of oxy- 
gen to the demand of working muscles. 


Electron Transport and Energy 
Metabolism 


Cytochromes are heme-containing compounds 
that have important roles in mitochondrial elec- 
tron transport, so cytochromes are critical to cel- 
lular energy production and thus life. They serve 
as electron carriers during the synthesis of ATP, 
the primary energy storage compound in cells. 
Cytochrome P450 is a family of enzymes that 
functions in the metabolism of a number of im- 
portant biological molecules, as well as the de- 
toxification and metabolism of drugs and pollut- 
ants. Nonheme iron-containing enzymes, such as 
NADH dehydrogenase and succinate dehydroge- 
nase, are also critical to energy metabolism. 


Antioxidant and Beneficial 
Prooxidant Functions 


Catalase and peroxidases are heme-containing 
enzymes that protect cells against the accumula- 
tion of hydrogen peroxide, a potentially damag- 
ing reactive oxygen species (ROS), by catalyzing a 
reaction that converts hydrogen peroxide to wa- 
ter and oxygen. As part of the immune response, 
some white blood cells engulf bacteria and ex- 
pose them to ROS in order to kill them. The syn- 
thesis of one such ROS, hypochlorous acid, by 
neutrophils is catalyzed by the heme-containing 
enzyme myeloperoxidase.?4 


Oxygen Sensing 


Inadequate oxygen (hypoxia), such as that expe- 
rienced by those who live at high altitudes or 
have chronic lung disease, induces compensatory 
physiological responses, including increased red 
blood cell formation, increased blood vessel 
growth (angiogenesis), and increased production 
of enzymes utilized in anaerobic metabolism. 
Under hypoxic conditions, transcription factors 
known as hypoxia inducible factors (HIFs) bind to 
response elements in genes that encode various 
proteins involved in compensatory responses to 
hypoxia and increase their synthesis. Recent re- 
search indicates that an iron-dependent enzyme, 
prolyl hydroxylase, plays a critical role in regulat- 
ing HIFs and, consequently, physiological re- 
sponses to hypoxia. When cellular oxygen ten- 
sion is adequate, newly synthesized HIF-1a sub- 
units are modified by prolyl hydroxylase in an 
iron-dependent process that targets HIF-1a for 
rapid degradation. When cellular oxygen tension 
drops below a critical threshold, prolyl hydroxy- 
lase can no longer target HIF-1o0 for degradation, 
allowing HIF-1a to bind to HIF-18 and form an 
active transcription factor that is able to enter 
the nucleus and bind to specific response ele- 
ments on genes.>® 


157 


158 


19 Iron 


DNA Synthesis 


Ribonucleotide reductase is an iron-dependent 
enzyme that is required for DNA synthesis.” 
Thus, iron is required for a number of vital func 
tions, including growth, reproduction, healing, 
and immune function. 


Regulation of Intracellular Iron 


Iron response elements are short sequences of 
nucleotides found in the messenger RNA (mRNA) 
that code for key proteins in the regulation of 
iron storage and metabolism. Iron regulatory 
proteins (IRPs) can bind to iron response ele- 
ments and affect mRNA translation and stability, 
thereby regulating the synthesis of specific pro- 
teins, such as the iron storage protein ferritin and 
the transferrin receptor, which is important in 
maintaining iron homeostasis inside the cell. It 
has been proposed that, when the iron supply is 
high, more iron binds to IRPs, thereby preventing 
them from binding to iron response elements on 
mRNA. For the ferritin mRNA, this allows for in- 
creased translation, thereby promoting iron stor- 
age. In the case of the transferrin receptor MRNA, 
the message is destabilized and becomes degrad- 
ed to reduce the amount of iron uptake. When 
the iron supply is low, less iron binds to IRPs, al- 
lowing increased binding of IRPs to iron response 
elements. Thus, when less iron is available, trans- 
lation of mRNA that codes for ferritin is reduced 
because iron is not available for storage. Transla- 
tion of the mRNA that codes for the key regula- 
tory enzyme of heme synthesis in immature red 
blood cells is also reduced to conserve iron. In 
contrast, IRP binding to iron response elements 
in the mRNA that codes for transferrin receptors 
inhibits mRNA degradation, resulting in in- 
creased synthesis of transferrin receptors and 
increased iron transport to cells.48 


Systemic Regulation of Iron 
Homeostasis 


Although iron is an essential mineral, it is poten- 
tially toxic because free iron inside the cell can 
lead to the generation of free radicals that cause 
oxidative stress and cellular damage. Thus, it is 
important for the body to systemically regulate 
iron homeostasis. The body tightly regulates the 
transport of iron throughout various body com- 


partments, such as developing red blood cells, 
circulating macrophages, liver cells that store 
iron, and other tissues.° As mentioned above, in- 
tracellular iron levels are regulated according to 
the body’s iron needs, but systemic signals also 
regulate iron homeostasis in the body. Hepcidin, 
a peptide hormone synthesized by liver cells, is a 
key regulator of systemic iron homeostasis. Hep- 
cidin functions to inhibit the release of iron from 
certain cells, such as enterocytes and macro- 
phages, into plasma.!° Thus, hepcidin expression 
is increased when iron requirements are high 
and decreased when they are low (i.e. when 
there are sufficient iron stores). Studies in mice 
have shown that a lack of hepcidin expression is 
associated with conditions of iron overload,"! 
whereas an overexpression of hepcidin is associ- 
ated with iron-deficiency anemia.'? Hepcidin ex- 
pression is in turn regulated by a number of pro- 
teins, such as the negative regulator, TMPRSS6 
(transmembrane protease serine 6), and various 
positive regulators, including transferrin recep- 
tor 2, hemojuvelin, and bone morphogenetic pro- 
teins.” 


Nutrient Interactions 


Vitamin A. Vitamin A deficiency may exacerbate 
iron-deficiency anemia. Vitamin A supplementa- 
tion has been shown to have beneficial effects on 
iron-deficiency anemia and improve iron status 
among children and pregnant women. The com- 
bination of vitamin A and iron seems to amelio- 
rate anemia more effectively than either iron or 
vitamin A alone.!4 


Copper. Adequate copper nutritional status ap- 
pears to be necessary for normal iron metabo- 
lism and red blood cell formation. Anemia is a 
clinical sign of copper deficiency. Animal studies 
demonstrate a role for copper in iron absorp- 
tion,'> and iron has been found to accumulate in 
the livers of copper-deficient animals, indicating 
that copper is required for iron transport to the 
bone marrow for red blood cell formation.!® 


Zinc. High doses of iron supplements taken to- 
gether with zinc supplements on an empty stom- 
ach can inhibit the absorption of zinc. When 
taken with food, supplemental iron does not ap- 
pear to inhibit zinc absorption. Iron-fortified 
foods have no effect on zinc absorption.!7!8 


Calcium. When consumed together in a single 
meal, calcium has been found to decrease the ab- 
sorption of heme and nonheme iron.’” Thus, cal- 
cium and iron supplements should not be taken 
together. 


Deficiency 


Iron deficiency is the most common nutrient de- 

ficiency in the United States and the world. Three 

levels of iron deficiency are generally identified 
and are listed below from least to most severe:3 

1. Storage iron depletion. Iron stores are deplet- 
ed, but the functional iron supply is not limit- 
ed, 

2. Early functional iron deficiency. The supply of 
functional iron is low enough to impair red 
blood cell formation but not low enough to 
cause measurable anemia. 

3. Iron-deficiency anemia. lron-deficiency ane- 
mia results when there is inadequate iron to 
support normal red blood cell formation. The 
anemia of iron deficiency is characterized as 
microcytic and hypochromic, meaning that 
red blood cells are measurably smaller than 
normal and their hemoglobin content is de- 
creased. At this stage of iron deficiency, symp- 
toms may be a result of inadequate oxygen 
delivery due to anemia and/or suboptimal 
function of iron-dependent enzymes. Low red 
cell count, low hematocrit, and low hemoglo- 
bin concentrations are all used in the clinical 
diagnosis of iron-deficiency anemia. It is im- 
portant to remember that iron deficiency is 
not the only cause of anemia, and that the di- 
agnosis or treatment of iron deficiency solely 
on the basis of anemia may lead to misdiagno- 
sis or inappropriate treatment of the underly- 
ing cause.!9 


Symptoms of Iron Deficiency 


Most of the symptoms of iron deficiency are a re- 
sult of the associated anemia and may include 
fatigue, rapid heart rate, palpitations, and rapid 
breathing on exertion. Iron deficiency impairs 
athletic performance and physical work capacity 
in several ways. In iron-deficiency anemia, the 
reduced hemoglobin content of red blood cells 
results in decreased oxygen delivery to active tis- 
sues. Decreased myoglobin levels in muscle cells 


Deficiency 


limit the amount of oxygen that can be delivered 
to mitochondria for oxidative metabolism. Iron 
depletion also decreases the oxidative capacity of 
muscle by diminishing the mitochondrial con- 
tent of cytochromes and other iron-dependent 
enzymes required for electron transport and ATP 
synthesis. Lactic acid production is also increased 
in iron deficiency.*° The ability to maintain a nor- 
mal body temperature on exposure to cold is also 
impaired in iron-deficient individuals. Severe 
iron-deficiency anemia may result in brittle and 
spoon-shaped nails, sores at the corners of the 
mouth, taste bud atrophy, and a sore tongue. In 
some cases, advanced iron-deficiency anemia 
may cause difficulty in swallowing due to the for- 
mation of webs of tissue in the throat and esoph- 
agus. The development of esophageal webs, also 
known as Plummer-Vinson syndrome, may re- 
quire a genetic predisposition in addition to iron 
deficiency. Further, pica, a behavioral distur- 
bance characterized by the consumption of non- 
food items, may be a symptom and a cause of 
iron deficiency.!9 


Individuals at Increased Risk of Iron 
Deficiency 


Infants and children between the ages of 
6 months and 4 years. A full-term infant’s iron 
Stores are usually sufficient to last for 6 months. 
High iron requirements are due to the rapid 
growth rates sustained during this period.* 


Adolescents. Early adolescence is another period 
of rapid growth. In girls, the blood loss that oc 
curs with menstruation adds to the increased 
iron requirement of adolescence.* 


Pregnant women. The iron requirement is sig- 
nificantly increased during pregnancy due to in- 
creased iron utilization by the developing fetus 
and placenta, as well as blood volume expan- 
sion.4 


Individuals with chronic blood loss. Chronic 
bleeding or acute blood loss may result in iron 
deficiency. One milliliter of blood with a hemo- 
globin concentration of 150g¢/L contains 0.5 mg 
iron. Thus, chronic loss of very small amounts of 
blood may result in iron deficiency. A common 
cause of chronic blood loss and iron deficiency in 
developing countries is intestinal parasitic infec- 
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tion. Individuals who donate blood frequently, 
especially menstruating women, may need to in- 
crease their iron intake to prevent deficiency be- 
cause each 500 mL blood-donated contains be- 
tween 200 and 250 mg iron.’ 


Individuals with celiac disease. Celiac disease 
(celiac sprue) is an autoimmune disorder esti- 
mated to occur in 1% of the population. When 
people with celiac disease consume food or prod- 
ucts that contain gluten, the immune system re- 
sponse damages the intestinal villi, which may 
result in nutrient malabsorption and iron-defi- 
ciency anemia.?! 


Individuals with Helicobacter pylori infection. 
H. pylori infection is associated with iron-defi- 
ciency anemia, especially in children, even in the 
absence of gastrointestinal bleeding. 24 


Individuals who have had gastric bypass sur- 
gery. Some types of gastric bypass (bariatric) 
surgery increase the risk of iron deficiency by 
causing malabsorption of iron, among other nu- 
trients.” 


Vegetarians. As iron from plants is less efficient- 
ly absorbed than that from animal sources, the 


Table 19.1 Recommended dietary allowance for iron 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 19-50 years 
Adults 251 years 
Pregnancy All ages 
Breast-feeding <18 years 
Breast-Feeding 219 years 


Al, adequate intake. 


US Food and Nutrition Board (FNB) of the Insti- 
tute of Medicine has estimated that the bioavail- 
ability of iron from a vegetarian diet is only 10%, 
whereas it is 18% from a mixed diet. Therefore, 
the recommended dietary allowance (RDA) for 
iron from a completely vegetarian diet should be 
adjusted as follows: 14 mg/day for men and post- 
menopausal women, 33 mg/day for premeno- 
pausal women, and 26 mg/day for adolescent 
girls.” 


Individuals who engage in regular, intense exer- 
cise. Daily iron losses have been found to be 
greater in athletes involved in intense endurance 
training. This may be due to increased micro- 
scopic bleeding from the gastrointestinal tract or 
increased fragility and hemolysis of red blood 
cells. The FNB estimates that the average require- 
ment for iron may be 30% higher for those who 
engage in regular intense exercise.” 


Recommended Dietary Allowance 


The RDA for iron was revised in 2001 and is based 
on the prevention of iron deficiency and mainte- 
nance of adequate iron stores in individuals eat- 
ing a mixed diet (Table 19.1).!” 


Males (mg/day) Females (mg/day) 


0.27 (Al) 0.27 (Al) 
11 11 
7 7 
10 10 
8 8 
11 15 
8 18 
8 8 
= 7 
- 10 
- 9 


Disease Prevention 


Disease Prevention 


The following health problems and diseases may 
be prevented through the treatment or preven- 
tion of iron deficiency. 


Impaired Intellectual Development 
in Children 


Most observational studies have found relation- 
ships between iron-deficiency anemia in chil- 
dren and poor cognitive development, poor 
school achievement, and behavioral problems. 
However, it is difficult to separate the effects of 
iron-deficiency anemia from those of other types 
of deprivation in such studies, and confounding 
factors may contribute to the association be- 
tween iron deficiency and cognitive deficits.” In 
anemic children under the age of 2 years, only 
one randomized, double-blind trial found a sig- 
nificant benefit of iron supplementation on indi- 
ces of cognitive development. However, four ran- 
domized controlled trials found a significant 
benefit of iron supplementation on cognition and 
school achievement in children aged over 2 years, 
while two studies found no effect. Thus, studies 
to date indicate improvements in cognitive per- 
formance in children aged over 2 years, but chil- 
dren younger than 2 years appear more resistant 
to such improvements.?° 

A recent systematic review of 17 randomized 
controlled trials concluded that iron supplemen- 
tation modestly improves scores of mental devel- 
opment in children aged over 7 years but has no 
effect on mental development of children under 
the age of 27 months.”° Several possible mecha- 
nisms link iron-deficiency anemia to altered cog- 
nition. Anemic children tend to move around and 
explore their environment less than children 
without anemia, which may lead to developmen- 
tal delays.” Conduction of auditory and optic 
nerve impulses to the brain has been found to be 
slower in children with iron-deficiency anemia. 
This effect could be associated with changes in 
nerve myelination, which have been observed in 
iron-deficient animals.” Neurotransmitter syn- 
thesis may also be sensitive to iron deficiency.” 


Lead Toxicity 


Iron deficiency may increase the risk of lead poi- 
soning in children. A number of epidemiological 
studies have found iron deficiency to be associ- 
ated with increased blood lead levels in young 
children. Iron deficiency and lead poisoning 
share a number of the same risk factors, but iron 
deficiency has been found to increase the intesti- 
nal absorption of lead in humans and animals. 
However, the use of iron supplementation in lead 
poisoning should be reserved for those individu- 
als who are truly iron deficient or for those with 
continuing lead exposure, such as continued resi- 
dence in lead-exposed housing.*29 


Pregnancy Complications 


Epidemiological studies provide strong evidence 
of an association between severe anemia in preg- 
nant women and adverse pregnancy outcomes, 
such as low birth weight, premature birth, and 
maternal mortality. Iron deficiency can be a ma- 
jor contributory factor to severe anemia, but evi- 
dence that iron-deficiency anemia is a causal fac 
tor in poor pregnancy outcomes is still lack- 
ing.?°3! Nevertheless, most experts consider the 
control of maternal anemia to be an important 
part of prenatal health care. Elevated hemoglo- 
bin, especially in later pregnancy, is also associ- 
ated with poor pregnancy outcomes, but there is 
no evidence that this association is related to 
high iron intakes or iron supplementation. 
Rather, elevated hemoglobin in pregnancy is 
more likely to be explained by underlying condi- 
tions such as pregnancy-induced hypertension 
or pre-eclampsia, which are well known to con- 
tribute to poor pregnancy outcomes.?! 


Impaired Immune Function 


Iron is required by most infectious agents, as well 
as by the infected host in order to mount an ef- 
fective immune response. Sufficient iron is criti- 
cal to several immune functions, including the 
differentiation and proliferation of T lympho- 
cytes and the generation of ROS by iron-depen- 
dent enzymes, which are used for killing patho- 
gens. During an acute inflammatory response, 
serum iron levels decrease whereas levels of fer- 
ritin (the iron storage protein) increase, suggest- 
ing that sequestering iron from pathogens is an 
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important host response to infection.?°3* Despite 
the critical functions of iron in the immune re- 
sponse, the nature of the relationship between 
iron deficiency and susceptibility to infection, 
especially with respect to malaria, remains con- 
troversial. High-dose iron supplementation of 
children living in the tropics has been associated 
with increased risk of clinical malaria and other 
infections, such as pneumonia. Studies in cell 
culture and laboratory animals suggest that the 
survival of infectious agents that spend part of 
their life cycle within host cells, such as plasmo- 
dia (malaria) and mycobacteria (tuberculosis), 
may be enhanced by iron therapy. Controlled 
clinical studies are needed to determine the ap- 
propriate use of iron supplementation in regions 
where malaria is common, as well as in the pres- 
ence of infectious diseases, such as HIV, tubercu- 
losis, and typhoid? 


Disease Treatment 


Restless Legs Syndrome 


Restless legs syndrome (RLS) is a neurological 
movement disorder that is often associated with 
sleep problems. People with RLS experience un- 
pleasant sensations resulting in an irresistible 
urge to move their legs. These sensations are 
more common at rest and often interfere with 
sleep.>4 RLS occurs in some people with iron de- 
ficiency, and some RLS patients benefit from iron 
supplementation. One study found that ferritin 
levels were lower and transferrin levels higher in 
the cerebrospinal fluid of individuals with RLS 
compared with control individuals, suggesting 
that low iron concentrations in the brain may 
play a role in RLS.” Magnetic resonance imaging 
(MRI) measurements of brain iron concentra- 
tions also indicate that iron insufficiency in cer- 
tain regions of the brain may occur in patients 
with RLS.” The mechanism by which low iron 
concentration in the brain contributes to RLS is 
not known, but may be related to the fact that the 
activity of an iron-dependent enzyme (tyrosine 
hydroxylase) is a limiting factor in the synthesis 
of the neurotransmitter, dopamine. 


Sources 
Food Sources 


The amount of iron in food (or supplements) that 
is absorbed and used by the body is influenced by 
the iron nutritional status of the individual and 
whether or not the iron is in the form of heme. 
Because heme iron is absorbed by a different 
mechanism from nonheme iron, it is more read- 
ily absorbed and its absorption is less affected by 
other dietary factors. Individuals who are anemic 
or iron deficient absorb a larger percentage of the 
iron that they consume (especially nonheme 
iron) than individuals who are not anemic and 
have sufficient iron stores.?!8 


Heme iron. Heme iron comes mainly from he- 
moglobin and myoglobin in meat, poultry, and 
fish. Although heme iron accounts for only 10%- 
15% of the iron found in the diet, it may provide 
up to one-third of total absorbed dietary iron. 
The absorption of heme iron is less influenced by 
other dietary factors than that of nonheme 
iron.?18 


Nonheme iron. Plants, dairy products, meat, and 
iron salts added to foods and supplements are all 
sources of nonheme iron. The absorption of non- 
heme iron is strongly influenced by enhancers 
and inhibitors present in the same meal (see be- 
low).3:18 


Enhancers of Nonheme Iron 
Absorption 


Vitamin C (ascorbic acid). Vitamin C strongly en- 
hances the absorption of nonheme iron by reduc- 
ing dietary ferric iron (Fe?*) to ferrous iron (Fe?*) 
and forming an absorbable, iron-ascorbic acid 
complex, 


Other organic acids. Citric, malic, tartaric, and 
lactic acids have some enhancing effects on non- 
heme iron absorption. 


Meat, fish, and poultry. Aside from providing 
highly absorbable heme iron, meat, fish, and 
poultry also enhance nonheme iron absorption. 
The mechanism for this enhancement of non- 
heme iron absorption is not clear,'718 


Typical Dietary Intake 


Tabie 19.2 Food sources of iron 


Food Serving 
Raisin bran cereal 1 cup, dry 
Oysters 6 medium 


Black-strap molasses 1 tablespoon 


Lentils Y% cup, cooked 
Beef 3 ounces,? cooked 
Prune juice 6 fluid ounces 
Tofu, firm Y% block (~Y% cup) 
Kidney beans Y cup, cooked 


Cashew nuts 1 ounce 
Potato, with skin 
Shrimp 8 large, cooked 
Tuna, light 


Chicken, dark meat 


3 ounces,’ canned 
3 ounces,’ cooked 
Raisins, seedless 


Prunes 


1 medium potato, baked ’ 


1 small box (1.5 ounces) 


~5 prunes (1.7 ounces) 


iron (mg) 


5.79-18.00 
5.04 
3.50 
3.30 
2.32 
2.28 
2.15 
1.97 
1.89 
1.87 
1.36 
1.30 
1.13 
0.81 
0.45 


3A three-ounce serving of meat or seafood is about the size of a deck of cards. 


Inhibitors of Nonheme Iron 
Absorption 


Phytic acid (phytate). Phytic acid is present in 
legumes, grains, and rice and inhibits nonheme 
iron absorption, probably by binding to it. Small 
amounts of phytic acid (5-10mg) can reduce 
nonheme iron absorption by 50%. The absorption 
of iron from legumes, such as soybeans, black 
beans, lentils, mung beans, and split peas, has 
been shown to be as low as 2%.7!7 


Polyphenols. Polyphenols, found in some fruit, 
vegetables, coffee, tea, wines, and spices, can 
markedly inhibit the absorption of nonheme 
iron. This effect is reduced by the presence of vi- 
tamin C.”17 


Soy protein. Soy protein, such as that found in 
tofu, has an inhibitory effect on iron absorption 
that is independent of its phytic acid content." 


Typical Dietary Intake 


National surveys in the United States indicate 
that the average dietary iron intake is 16-18 mg/ 
day in men, 12mg/day in pre- and postmeno- 
pausal women, and about 15 mg/day in pregnant 


women.'” Thus, most premenopausal and preg- 
nant women in the United States consume less 
than the RDA for iron and many men consume 
more than the RDA. In the United States, most 
grain products are fortified with iron. The iron 
content of some relatively iron-rich foods is listed 
in Table 19.2. 


Supplements 


Iron supplements are indicated for the preven- 
tion and treatment of iron deficiency. Individuals 
who are not at risk of iron deficiency (e.g., men 
and postmenopausal women) should not take 
iron supplements without an appropriate medi- 
cal evaluation. A number of iron supplements are 
available, and different forms provide different 
proportions of elemental iron. Ferrous sulfate 
(heptahydrate) is 22% elemental iron, ferrous sul- 
fate (monohydrate) is 33% elemental iron, ferrous 
gluconate is 12% elemental iron, and ferrous fu- 
marate is 33% elemental iron.?” If not stated oth- 
erwise, all the iron doses discussed in this chap- 
ter represent elemental iron. 
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iron Overload 


Several genetic disorders may lead to pathologi- 
cal accumulation of iron in the body. Hereditary 
hemochromatosis results in iron overload de- 
spite normal iron intake. Iron overload due to 
prolonged iron supplementation is very rare in 
healthy individuals with no genetic predisposi- 
tion. This fact emphasizes the degree to which 
the body’s tight control of intestinal iron absorp- 
tion protects it from the adverse effects of iron 
overload.’ However, supplementation of individ- 
uals who are not iron deficient should be avoided 
due to the frequency of undetected hereditary 
hemochromatosis and recent concerns about the 
more subtle effects of chronic excess iron intake 
(see “Safety,” p. 164). 


Hereditary Hemochromatosis 


Hereditary hemochromatosis (HH) refers to ge- 
netic disorders of iron metabolism that result in 
tissue iron overload. If untreated, iron accumula- 
tion in the liver and other tissues may lead to cir- 
rhosis of the liver, diabetes, heart muscle damage 
(cardiomyopathy), or joint problems.*® There are 
four main types of HH, which are classified ac 
cording to the specific gene that is mutated. The 
most common type of HH, called type 1 or HFE- 
related HH, results from mutations in the HFE 
gene; this mutation was identified in 1996.294 At 
present, the exact role of the protein encoded by 
the HFE gene is not well understood, but the pro- 
tein is thought to play a role in regulating intesti- 
nal absorption of dietary iron and with sensing 
the body’s iron stores.*! HH type 2, also referred 
to as juvenile hemochromatosis (disease onset 
typically occurs before age 30), results from mu- 
tations in genes that encode one of two proteins, 
hemojuvelin or hepcidin.42 HH type 3 results 
from mutations in the transferrin receptor 2 
gene, and HH type 4 results from mutations in 
the gene encoding ferroportin, a protein impor- 
tant in the export of iron from cells.“ 

Iron overload in HH is treated by phlebotomy, 
the removal of 500 mL blood at a time, at inter- 
vals determined by the severity of the iron over- 
load. Individuals with HH are advised to avoid 
supplemental iron, but are not generally advised 
to avoid iron-rich foods. Alcohol consumption is 
strongly discouraged due to the increased risk of 


cirrhosis of the liver.” Genetic testing, which re- 
quires a blood sample, is available for those who 
may be at risk for HH, for example, individuals 
with a family history of hemochromatosis. 


Hereditary Anemias 


Iron overload may occur in individuals with se- 
vere hereditary anemias that are not caused by 
iron deficiency. Excessive dietary absorption of 
iron may occur in response to the body’s contin- 
ued efforts to form red blood cells. Anemic pa- 
tients at risk of iron overload include those with 
sideroblastic anemia, pyruvate kinase deficiency, 
and thalassemia major, especially when they are 
treated with numerous transfusions. Patients 
with hereditary spherocytosis and thalassemia 
minor do not usually develop iron overload un- 
less they are misdiagnosed as having iron defi- 
ciency and treated with large doses of iron over 
many years.’ The thalassemias (major and mi- 
nor) are common in individuals of Mediterra- 
nean descent. It has been hypothesized that a 
Mediterranean form of iron overload, distinct 
from HH, also exists.*3 


Safety 
Toxicity 


Overdose. Accidental overdose of iron-contain- 
ing products is the single largest cause of poison- 
ing fatalities in children aged under 6 years. 

Although the oral lethal dose of elemental iron 

is approximately 200-250 mg/kg body weight, 

considerably less has been fatal. Symptoms of 

acute toxicity may occur with iron doses of 20- 

60 mg/kg body weight. Iron overdose is an emer- 

gency situation because the severity of iron tox- 

icity is related to the amount of elemental iron 
absorbed. Acute iron poisoning produces symp- 
toms in four stages: 

1. Within 1-6 hours of ingestion, symptoms may 
include nausea, vomiting, abdominal pain, 
tarry stools, lethargy, weak and rapid pulse, 
low blood pressure, fever, difficulty breathing, 
and coma. 

2. If not immediately fatal, symptoms may sub- 
side for about 24 hours, 

3. Symptoms may return 12-48 hours after iron 
ingestion and include serious signs of failure 
in the following organ systems: cardiovascu- 


Safety 
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lar, kidney, liver, and hematological (blood) 
systems, and central nervous system (CNS). 

4. Long-term damage to the CNS, liver (cirrho- 
sis), and stomach may develop 2-6 weeks af- 
ter ingestion.!737 


Adverse effects. At therapeutic levels for iron de- 
ficiency, iron supplements may cause gastroin- 
testinal irritation, nausea, vomiting, diarrhea, or 
constipation. Stools will often appear darker in 
color. Iron-containing liquids can temporarily 
stain teeth, but diluting the liquid helps to pre- 
vent this effect. Taking iron supplements with 
food instead of on an empty stomach may relieve 
gastrointestinal effects.3” The FNB based the tol- 
erable upper intake level (UL) for iron on the pre- 
vention of gastrointestinal distress (Table 19.3). 
The UL for adolescents and adults over the age of 
14 years, including pregnant and breast-feeding 
women, is 45 mg/day. It should be noted that the 
UL is not meant to apply to individuals being 
treated with iron under close medical supervi- 
sion. Individuals with HH or other conditions of 
iron overload, as well as individuals with alco- 
holic cirrhosis and other liver diseases, may ex- 
perience adverse effects at iron intake levels be- 
low the UL. 


Diseases Associated with Iron Excess 


Cardiovascular diseases. Animal studies suggest 
a role for iron-induced oxidative stress in the pa- 
thology of atherosclerosis and myocardial infarc- 
tion (heart attack).44 However, epidemiological 
studies of iron nutritional status and cardiovas- 
cular diseases in humans have yielded conflicting 
results. A systematic review of 12 prospective 
cohort studies, including 7800 cases of coronary 
heart disease (CHD), did not find good evidence 
to support the existence of strong associations 
between a number of different measures of iron 
status and CHD.* Serum ferritin concentration is 
the measure of iron status thought to best reflect 


Table 19.3 Tolerable upper intake level (UL) for iron 


Life stage Age UL (mg/day) 
Infants 0-12 months 40 
Children 1-13 years 40 
Adolescents 14-18 years 45 
Adults 219 years 45 


iron stores. However, the same review found no 
difference in the risk of CHD between individuals 
with serum ferritin concentrations of 200 ug/L or 
higher and those with ferritin concentrations of 
less than 200 ug/L in the five prospective studies 
that measured serum ferritin. Three large pro- 
spective studies found increased dietary heme 
iron, but not total dietary iron, to be associated 
with increased risk of either myocardial infarc- 
tion*®4” or CHD.48 When iron stores are high, 
nonheme iron absorption is inhibited more ef- 
fectively than heme iron absorption, suggesting 
that iron from animal sources may play a more 
important role than total iron intake in CHD 
risk.^^ Although the relationship between iron 
stores and CHD requires further clarification, it 
would be prudent for those who are not at risk of 
iron deficiency (e.g, men and postmenopausal 
women) to avoid excess iron intake. 


Cancer. A dramatically increased risk of liver 
cancer (hepatocellular carcinoma) in individuals 
with cirrhosis due to iron overload in HH has 
been well documented. However, the relation- 
ship between dietary iron and cancer risk in indi- 
viduals without hemochromatosis is less clear.!” 
Several epidemiological studies have reported 
associations between measures of increased iron 
status and the incidence of colorectal cancer or 
the occurrence of precancerous polyps (adeno- 
mas), but the associations were not consistent. 
Dietary iron intake appears to be more consis- 
tently related to the risk of colorectal cancer than 
measures of iron status or iron stores.49°° 
Increased red meat consumption has been as- 
sociated with an increased risk of colorectal can- 
cer,>! but there are a number of potential mecha- 
nisms by which increased meat consumption 
could affect cancer risk other than increasing 
iron intake, For example, increased red meat con- 
sumption increases the secretion of bile acids, 
which can be toxic to colonic cells, and also in- 
creases exposure to carcinogenic compounds 
generated when meat is cooked.*? Increased iron 
in the contents of the colon, rather than increased 
body iron stores, could increase the risk of colon 
cancer by exposing colonic cells to potentially 
damaging ROS derived from iron-catalyzed reac- 
tions, especially in the presence of a high-fat diet. 
Although this possibility is currently under in- 
vestigation, the interrelationship of dietary iron 
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intake, iron stores, and the risk of colorectal can- 
cer remains unclear. 


Type 2 diabetes and the metabolic syn- 
drome. Iron has been implicated in the patho- 
genesis of type 2 diabetes mellitus. Some epide- 
miological studies have associated high serum or 
plasma levels of ferritin with an increased risk of 
type 2 diabetes>3-5° as well as metabolic syn- 
drome.° Ferritin levels reflect the amount of 
iron stored in the body. A few studies have re- 
ported that people with diabetes have higher fer- 
ritin levels than those who are not diabetic.??81.62 
Other indices of iron excess, such as elevated 
transferrin saturation, may also be more preva- 
lent in diabetes.” Moreover, individuals with the 
iron overload disease, HH, are known to be at a 
heightened risk of developing type 2 diabetes.*8 
Randomized controlled trials are needed to de- 
termine whether lowering body stores of iron 
will help in the prevention of type 2 diabetes and 
the metabolic syndrome. 


Neurodegenerative disease. Iron is required for 
normal brain and nerve function through its in- 
volvement in cellular metabolism, as well as in 
the synthesis of neurotransmitters and myelin. 
However, accumulation of excess iron can result 
in increased oxidative stress, and the brain is par- 
ticularly susceptible to oxidative damage. Iron 
accumulation and oxidative injury are currently 
under consideration as potential contributors to 
a number of neurodegenerative diseases, such as 
Alzheimer disease and Parkinson disease.6364 
The abnormal accumulation of iron in the brain 
does not appear to be a result of increased di- 
etary iron, but, rather, a disruption in the com- 
plex process of cellular iron regulation. Although 
the mechanisms for this disruption in iron regu- 
lation are not yet known, it is currently an active 
area of biomedical research.®>% 


Drug Interactions 


Medications that decrease stomach acidity, such 
as antacids, histamine (H,)-receptor antagonists 
(e.g., cimetidine, ranitidine), and proton pump 
inhibitors (e.g., omeprazole, lansoprazole), may 
impair iron absorption. Taking iron supplements 
at the same time as the following medications 
may result in decreased absorption and efficacy 
of the medication: levodopa, levothyroxine, 


methyldopa, penicillamine, quinolones, tetracy- 
clines, and bisphosphonates. Therefore, it is best 
to take these medications 2 hours before or after 
iron supplements. Cholestyramine resin, used to 
lower blood cholesterol] levels, should also be 
taken 2 hours before or after iron supplements 
because it interferes with iron absorption. Allo- 
purinol, a medication used to treat gout, may in- 
crease iron storage in the liver and should not be 
used in combination with iron supplements.?7%7 


LPI Recommendation 


Following the most recent RDA for iron should provide 
sufficient iron to prevent deficiency without causing ad- 
verse effects in most individuals. Although sufficient 
iron can be obtained through a varied diet, a consider- 
able number of people do not consume adequate iron 
to prevent deficiency. A multivitamin/mineral supple- 
ment containing 100% of the daily value for iron pro- 
vides 18 mg elemental iron. Although this amount of 
iron may be beneficial for premenopausal women, it is 
well above the RDA for men and most postmenopausal 
women. 


Men and Postmenopausal Women 

As hereditary hemochromatosis is relatively common 
and the effects of long-term dietary iron excess on 
chronic disease risk are not yet clear, men and 
postmenopausal women who are not at risk of iron 
deficiency should take a multivitamin/mineral supple- 
ment without iron. A number of multivitamins formu- 
lated specifically for men or those aged over 50 years 
do not contain iron. 


Older Adults 

A recent study in an elderly population found that high 
iron stores were much more commen than iron defi- 
ciency.©8 Thus, older adults should not generally take 
nutritional supplements containing iron unless they 
have been diagnosed with iron deficiency. Moreover, it 
is extremely important to determine the underlying 
cause of the iron deficiency, rather than simply treating 
it with iron supplements. 


Safety 
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20 Magnesium 


Magnesium plays important roles in the struc 
ture and function of the human body. The adult 
human body contains about 25g magnesium. 
Over 60% of all the magnesium in the body is 
found in the skeleton, about 27% in muscle, 6%- 
7% in other cells, and less than 1% outside cells.! 


Function 


Magnesium is involved in more than 300 essen- 
tial metabolic reactions, some of which are dis- 
cussed below.2 


Energy Production 


The metabolism of carbohydrates and fats to pro- 
duce energy requires numerous magnesium-de- 
pendent chemical reactions. Magnesium is re- 
quired by the ATP-synthesizing protein in mito- 
chondria. ATP (adenosine triphosphate), the 
molecule that provides energy for almost all 
metabolic processes, exists primarily as a com- 
plex with magnesium (MgATP).3 


Synthesis of Essential Biomolecules 


Magnesium is required for a number of steps 
during nucleic acid and protein synthesis. Several 
enzymes participating in the synthesis of carbo- 
hydrates and lipids require magnesium for their 
activity. Glutathione, an important antioxidant, 
requires magnesium for its synthesis. 


Structural Roles 


Magnesium plays a structural role in bone, cell 
membranes, and chromosomes.? 


lon Transport across Cell 
Membranes 


Magnesium is required for the active transport of 
ions such as potassium and calcium across cell 
membranes. Through its role in ion transport 
systems, magnesium affects the conduction of 


nerve impulses, muscle contraction, and normal 
heart rhythm. 


Cell Signaling 


Cell signaling requires MgATP for the phosphory- 
lation of proteins and the formation of the cell- 
signaling molecule, adenosine cyclic 3’:5'-mono- 
phosphate (cAMP). Cyclic AMP is involved in 
many processes, including the secretion of para- 
thyroid hormone (PTH) from the parathyroid 
glands (see Chapters 11 and 14 for more details 
on the role of PTH). 


Cell Migration 


Calcium and magnesium levels in the fluid sur- 
rounding cells affect the migration of a number 
of different cell types. Such effects on cell migra- 
tion may be important in wound healing.? 


Nutrient Interactions 


Zinc. High doses of zinc in supplemental form 
apparently interfere with the absorption of mag- 
nesium. One study reported that zinc supple- 
ments of 142 mg/day in healthy men significantly 
decreased magnesium absorption and disrupted 
magnesium balance (the difference between 
magnesium intake and magnesium loss). 


Fiber. Large increases in the intake of dietary fi- 
ber have been found to decrease magnesium uti- 
lization in experimental studies. However, the 
extent to which dietary fiber affects magnesium 
nutritional status in individuals with a varied 
diet outside the studies is not clear.34 


Protein. Dietary protein may affect magnesium 
absorption. One study in adolescent boys found 
that magnesium absorption was lower when 
protein intake was less than 30 g/day, and higher 
protein intakes (93 g/day vs. 43 g/day) were asso- 
ciated with improved magnesium absorption in 
adolescents.° 
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Vitamin D and calcium. The active form of vita- 
min D (calcitriol) may slightly increase intestinal 
absorption of magnesium. However, magnesium 
absorption does not seem to be calcitriol depen- 
dent as is the absorption of calcium and phos- 
phate. High calcium intake has not been found to 
affect magnesium balance in most studies. Inad- 
equate blood magnesium levels are known to re- 
sult in low blood calcium levels, resistance to 
PTH action, and resistance to some of the effects 
of vitamin D.?4 


Deficiency 


Magnesium deficiency in healthy individuals 
who are consuming a balanced diet is quite rare 
because magnesium is abundant in both plant 
and animal foods and because the kidneys are 
able to limit urinary excretion of magnesium 
when intake is low. The following conditions in- 
crease the risk of magnesium deficiency:! 

* Gastrointestinal disorders: prolonged diarrhea, 

Crohn disease, malabsorption syndromes, celi- 

ac disease, surgical removal of a portion of the 

intestine, and intestinal inflammation due to 
radiation may all lead to magnesium depletion. 

Renal disorders (magnesium wasting): diabetes 

mellitus and long-term use of certain diuretics 

may result in increased urinary loss of magne- 
sium. Multiple other medications can also re- 
sult in renal magnesium wasting.? 

Chronic alcoholism: poor dietary intake, gastro- 

intestinal problems, and increased urinary loss 

of magnesium may all contribute to magne- 
sium depletion, which is frequently encoun- 
tered in people who abuse alcohol. 

* Older age: several studies have found that el- 
derly people have relatively low dietary intakes 
of magnesium. Intestinal magnesium absorp- 
tion tends to decrease with age and urinary 
magnesium excretion tends to increase with 
age, so suboptimal dietary magnesium intake 
may increase the risk of magnesium depletion 
in elderly people.4 


Although severe magnesium deficiency is un- 
common, it has been induced experimentally. 
When magnesium deficiency was induced in hu- 
mans, the earliest sign was decreased serum 
magnesium levels (hypomagnesemia). Over time, 
serum calcium levels also began to decrease (hy- 


pocalcemia) despite adequate dietary calcium 
and persisted despite increased PTH secretion. 
Usually, increased PTH secretion quickly results 
in the mobilization of calcium from bone and 
normalization of blood calcium levels. As the 
magnesium depletion progressed, PTH secretion 
diminished to low levels. Along with hypomag- 
nesemia, signs of severe magnesium deficiency 
included hypocalcemia, low serum potassium 
levels (hypokalemia), retention of sodium, low 
circulating levels of PTH, neurological and mus- 
cular symptoms (tremor, muscle spasms, tetany), 
loss of appetite, nausea, vomiting, and personal- 
ity changes. 


Recommended Dietary Allowance 


in 1997, the Food and Nutrition Board (FNB) of 
the Institute of Medicine increased the recom- 
mended dietary allowance (RDA) for magnesium, 
based on the results of more recent, tightly con- 
trolled balance studies that utilized more accu- 
rate methods of measuring magnesium (Table 
20.1).4 Balance studies are useful for determining 
the amount of a nutrient that will prevent defi- 
ciency; however, such studies provide little infor- 
mation about the amount of a nutrient required 
for chronic disease prevention or optimum 
health. 


Disease Prevention 


Hypertension 


Large epidemiological studies suggest a relation- 
ship between magnesium and blood pressure. 
However, the fact that foods high in magnesium 
(fruit, vegetables, whole grains) are frequently 
high in potassium and dietary fiber has made it 
difficult to evaluate independent effects of mag- 
nesium on blood pressure. A prospective cohort 
study of more than 30000 male health profes- 
sionals found an inverse association of dietary 
fiber, potassium, and magnesium, and the devel- 
opment of hypertension over a 4-year period.® In 
a similar study of more than 40000 female regis- 
tered nurses, dietary fiber and dietary magne- 
sium were each inversely associated with systolic 
and diastolic blood pressures in those who did 
not develop hypertension over the 4-year study 
period, but neither dietary fiber nor magnesium 
was related to the risk of developing hyperten- 


Disease Prevention 


Table 20.1 Recommended dietary allowance for magnesium 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 19-30 years 
Adults 231 years 
Pregnancy <18 years 
Pregnancy 19-30 years 
Pregnancy 231 years 
Breast-feeding <18 years 
Breast-feeding 19-30 years 
Breast-feeding 231 years 


Al, adequate intake. 


sion.’ The Atherosclerosis Risk in Communities 
study examined dietary magnesium intake, mag- 
nesium blood levels, and risk of developing hy- 
pertension in 7731 men and women over a 
6-year period.® The risk of developing hyperten- 
sion in both men and women decreased as serum 
magnesium levels increased, but the trend was 
statistically significant only in women. Although 
the investigators found no association between 
dietary magnesium and the incidence of hyper- 
tension, they suggested that low serum magne- 
sium levels may play a modest role in the devel- 
opment of hypertension. 


Cardiovascular Diseases 


A number of studies have found decreased mor- 
tality from cardiovascular diseases in popula- 
tions who routinely consume “hard” water. Hard 
(alkaline) water is generally high in magnesium 
but may also contain more calcium and fluoride 
than “soft” water, making the cardioprotective 
effects of hard water difficult to attribute to mag- 
nesium alone.? One large prospective study (al- 
most 14000 men and women) found a significant 
trend for increasing serum magnesium levels to 
be associated with decreased risk of coronary 
heart disease (CHD) in women but not in men.!° 
However, the risk of CHD in the lowest quartile 
(one-fourth) of dietary magnesium intake was 


Males (mg/day) Females (mg/day) 


30 (Al) 30 (Al) 
75 (Al) 75 (Al) 
80 80 
130 130 
240 240 
410 360 
400 310 
420 320 

2 400 

= 350 

z 360 

z 360 

= 310 

: 320 


not significantly higher than the risk in the high- 
est quartile in men or women. In addition, a large 
prospective study in over 35000 women report- 
ed that dietary magnesium, assessed by food fre- 
quency questionnaire, was not associated with 
the risk for various cardiovascular diseases, in- 
cluding stroke, nonfatal myocardial infarction, 
and CHD.!! Currently, the relationship between 
dietary magnesium intake and the risk of cardio- 
vascular disease remains unclear. 


Osteoporosis 


Although decreased bone mineral density (BMD) 
is the primary feature of osteoporosis, other os- 
teoporotic changes in the collagenous matrix and 
mineral components of bone may result in bones 
that are brittle and more susceptible to fracture. 
Magnesium comprises about 1% of bone mineral 
and is known to influence both bone matrix and 
bone mineral metabolism. As the magnesium 
content of bone mineral decreases, bone crystals 
become larger and more brittle. Some studies 
have found lower magnesium content and larger 
bone crystals in bones of osteoporotic women 
compared with nonosteoporotic controls. !? 
Inadequate serum magnesium levels are 
known to result in low serum calcium levels, re- 
sistance to PTH action, and resistance to some of 
the effects of vitamin D, all of which can lead to 
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increased bone loss. A study of over 900 elderly 
men and women found that higher dietary mag- 
nesium intakes were associated with increased 
BMD at the hip in both men and women. How- 
ever, because magnesium and potassium are 
present in many of the same foods, the effect of 
dietary magnesium could not be isolated.!? More 
recently, a study in over 2000 elderly people re- 
ported that magnesium intake was positively as- 
sociated with total-body BMD in white men and 
women but not in black men and women.'4 Few 
studies have addressed the effect of magnesium 
supplementation on BMD or osteoporosis in 
humans. In a small group of postmenopausal 
women with osteoporosis, magnesium supple- 
mentation of 750 mg/day for the first 6 months, 
followed by 250 mg/day for 18 more months, re- 
sulted in increased BMD at the wrist after 1 year, 
with no further increase after 2 years of supple- 
mentation.!> A study in postmenopausal women 
who were taking estrogen replacement therapy 
plus a multivitamin found that supplementation 
with an additional 500 mg/day of magnesium 
and 600 mg/day of calcium resulted in increased 
BMD at the heel compared with postmenopausal 
women receiving only estrogen replacement 
therapy.'® Currently, the potential for increased 
magnesium intake to influence calcium and bone 
metabolism warrants more research with par- 
ticular attention to its role in the prevention and 
treatment of osteoporosis. 


Disease Treatment 


The use of pharmacological doses of magnesium 
to treat specific diseases is discussed below. Al- 
though many of the cited studies utilized supple- 
mental magnesium in doses considerably higher 
than the tolerable upper intake level (UL) of 
350 mg/day recommended by the FNB for healthy 
individuals, it is important to note that these 
studies were all conducted under medical super- 
vision. As a result of the potential risks of high 
doses of supplemental magnesium, especially in 
the presence of impaired kidney function, any 
disease treatment trial using magnesium doses 
higher than the UL should be conducted under 
medical supervision. 


Hypertension 


The results from intervention studies using mag- 
nesium supplements to treat hypertension have 
been conflicting.4 In uncontrolled trials, hyper- 
tensive patients on thiazide diuretics experi- 
enced decreases in blood pressure when given 
magnesium supplements. In general, placebo- 
controlled trials have not been supportive of a 
blood pressure-lowering effect for magnesium 
supplementation.? Modest but significant blood 
pressure-lowering effects have been reported in 
two placebo-controlled studies using 485 mg/ 
day of supplemental magnesium in individuals 
with mild-to-moderate hypertension for at least 
2 months.'7!8 However, a number of other stud- 
ies have failed to find any blood pressure-lower- 
ing effects with magnesium supplementation.!9 
One double-blind, placebo-controlled study 
found magnesium supplementation to be benefi- 
cial in lowering blood pressure in individuals 
with low magnesium status, suggesting that oral 
magnesium supplementation may be helpful in 
hypertensive individuals who are depleted of 
magnesium due to chronic diuretic use, inade- 
quate dietary intake, or both.2° However, clinical 
studies to date are largely conflicting, and two 
recent reviews concluded that well-controlled, 
long-term clinical trials are needed to determine 
whether oral magnesium has any therapeutic 
benefit in hypertensive individuals.2!22 


Pre-eclampsia-Eclampsia 


Pre-eclampsia-eclampsia is a disease that is 
unique to pregnancy and may occur any time af- 
ter 20 weeks of pregnancy through to 6 weeks 
after birth. Approximately 7% of pregnant 
women in the United States develop pre-eclamp- 
sia-eclampsia. Pre-eclampsia is defined as the 
presence of elevated blood pressure, protein in 
the urine, and severe swelling (edema) during 
pregnancy. Eclampsia occurs with the addition of 
seizures to the triad of symptoms. Approximately 
5% of women with pre-eclampsia go on to devel- 
op eclampsia, which is a significant cause of ma- 
ternal death.” For many years, high-dose intra- 
venous magnesium sulfate has been the treat- 
ment of choice for preventing eclamptic seizures 
that may occur in association with pre-eclamp- 
sia-eclampsia late in pregnancy or during la- 
bor.?425 Magnesium is believed to relieve cerebral 


blood vessel spasm, increasing blood flow to the 
brain.?627 


Cardiovascular Diseases 


Myocardial infarction. Results of a meta-analysis 
of randomized placebo-controlled trials indicat- 
ed that an intravenous (IV) magnesium infusion 
given early after suspected myocardial infarction 
(MI) could decrease the risk of death. The most 
influential study included in the meta-analysis 
was a randomized placebo-controlled trial in 
2316 patients that found a significant reduction 
in mortality (7.8% all-cause mortality rate in the 
experimental group vs. 10.3% all-cause mortality 
rate in the placebo group) in the group of pa- 
tients given IV magnesium sulfate within 24 
hours of a suspected M1.?8 Follow-up from 1 year 
to 5 years after treatment revealed that the mor- 
tality rate from cardiovascular disease was 21% 
lower in the magnesium-treated group.29 How- 
ever, a larger placebo-controlled trial that includ- 
ed more than 58000 patients found no signifi- 
cant reduction in 5-week mortality in patients 
treated with IV magnesium sulfate within 24 
hours of a suspected MI, resulting in controversy 
about the efficacy of the treatment.*° A US survey 
of the treatment of more than 173000 patients 
with acute MI found that only 5% were given IV 
magnesium in the first 24 hours after the MI, and 
that mortality was higher in patients treated 
with IV magnesium than in those not treated 
with magnesium.?! More recently, a systematic 
review of 26 clinical trials, including 73363 pa- 
tients, concluded that IV magnesium likely does 
not reduce mortality after an MI and thus should 
not be used as a treatment.*? Thus, the use of IV 
magnesium sulfate in the therapy of acute MI re- 
mains controversial. 


Endothelial dysfunction. Vascular endothelial 
cells line arterial walls where they are in contact 
with the blood that flows through the circulatory 
system. Normally functioning vascular endothe- 
lium promotes vasodilation when needed, for 
example, during exercise, and inhibits the forma- 
tion of blood clots. In cardiovascular disease, ar- 
teries develop atherosclerotic plaque. Athero- 
sclerosis impairs normal endothelial function, 
increasing the risk of vasoconstriction and clot 
formation, which may lead to heart attack or 
stroke. Research indicates that pharmacological 


Disease Treatment 


doses of oral magnesium may improve endothe- 
lial function in individuals with cardiovascular 
disease. A randomized, double-blind, placebo- 
controlled trial in 50 men and women with sta- 
ble coronary artery disease found that 6 months 
of oral magnesium supplementation (730 mg/ 
day) resulted in a 12% improvement in flow-me- 
diated vasodilation compared with placebo.?? In 
other words, the normal dilation response of the 
brachial (arm) artery to increased blood flow was 
improved. Magnesium supplementation also re- 
sulted in increased exercise tolerance during an 
exercise stress test compared with placebo.*9 

In another study of 42 patients with coronary 
artery disease who were already taking low-dose 
aspirin (an inhibitor of platelet aggregation), 3 
months of oral magnesium supplementation 
(800-1200 mg/day) resulted in an average 35% 
reduction in platelet-dependent thrombosis, a 
measure of the propensity of blood to clot.*4 In 
addition, a recent study in 657 women partici- 
pating in the Nurses’ Health Study reported that 
dietary magnesium intake was inversely associ- 
ated with E-selectin, a marker of endothelial dys- 
function.’ Cell culture studies have associated 
low magnesium concentrations with endothelial 
dysfunction, namely inhibition of endothelial 
proliferation.*® Although preliminary, these stud- 
ies suggest that magnesium may be of benefit in 
improving endothelial function in individuals 
with cardiovascular diseases. 


Diabetes Mellitus 


Magnesium depletion is commonly associated 
with both type 1 and type 2 diabetes mellitus. 
Between 25% and 38% of people with diabetes 
have been found to have decreased serum levels 
of magnesium (hypomagnesemia).?’ One cause 
of the depletion may be increased urinary loss of 
magnesium, which results from the increased 
urinary excretion of glucose accompanying 
poorly controlled diabetes. Magnesium depletion 
has been shown to increase insulin resistance in 
a few studies and may adversely affect blood glu- 
cose control in diabetes. One study reported that 
dietary magnesium supplements (400 mg/day) 
improved glucose tolerance in elderly individu- 
als.2® More recently, a randomized, double-blind, 
placebo-controlled study in 63 individuals with 
type 2 diabetes and hypomagnesemia found that 
those taking an oral magnesium chloride solu- 
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tion (2.5 g/day) for 16 weeks had improved mea- 
sures of insulin sensitivity and glycemic control 
compared with those taking a placebo.*° 

A small study in nine patients with type 2 dia- 
betes reported that supplemental magnesium 
(300 mg/day for 30 days), in the form of a liquid, 
magnesium-containing salt solution, improved 
fasting insulin levels but did not affect fasting 
glucose levels.® Yet, a recent meta-analysis of 
nine randomized, double-blind, controlled trials 
concluded that oral supplemental magnesium 
may lower fasting plasma glucose levels in indi- 
viduals who have diabetes.*! Due to conflicting 
reports, it is currently unclear whether magne- 
sium supplementation has any therapeutic ben- 
efit in patients with type 2 diabetes. However, 
correcting existing magnesium deficiencies may 
improve glucose metabolism and insulin sensi- 
tivity in individuals with diabetes. Large-scale, 
well-controlled studies are needed to determine 
whether supplemental magnesium is useful in 
diabetes. 


Migraine Headaches 


Individuals who have recurrent migraine head- 
aches have lower intracellular magnesium levels 
(demonstrated in both red blood cells and white 
blood cells) than those who do not experience 
migraines. Oral magnesium supplementation 
has been shown to increase intracellular magne- 
sium levels in individuals with migraines, leading 
to the hypothesis that magnesium supplementa- 
tion might be helpful in decreasing the frequency 
and severity of migraine headaches. Two place- 
bo-controlled trials have demonstrated modest 
decreases in the frequency of migraine head- 
aches after supplementation with 600 mg/day of 
magnesium.*?*? However, another placebo- 
controlled study found that 485 mg/day of mag- 
nesium did not reduce the frequency of migraine 
headaches. 

More recently, a placebo-controlled trial in 86 
children with frequent migraine headaches 
found that oral magnesium oxide (9 mg/kg body 
weight per day) reduced headache frequency 
over the 16-week intervention. Although no se- 
rious adverse effects were noted during these 
migraine headache trials, the investigators did 
note adverse effects such as diarrhea and gastric 
(stomach) irritation in about 19%-40% of the in- 
dividuals taking the magnesium supplements. 


Asthma 


Serum or red blood cell levels of magnesium have 
not been found to be lower in patients with asth- 
ma compared with those who do not have asth- 
ma, even during acute asthmatic attacks. Yet, 
several clinical trials have examined the effect of 
IV magnesium infusions on acute asthmatic at- 
tacks. One double-blind, placebo-controlled trial 
in 38 adults, who did not respond to initial treat- 
ment in the emergency room, found improved 
lung function and decreased likelihood of hospi- 
talization when IV magnesium sulfate was in- 
fused compared with a placebo. However, an- 
other placebo-controlled, double-blind study in 
48 adults reported that IV infusion of magnesium 
sulfate did not improve lung function in patients 
experiencing an acute asthma attack.*’ A system- 
atic.review of seven randomized controlled trials 
(five adult and two pediatric) concluded that IV 
magnesium sulfate is beneficial in patients with 
severe, acute asthma.*® In addition, a meta-anal- 
ysis of five randomized placebo-controlled trials, 
involving 182 children with severe asthma, found 
that IV infusion of magnesium sulfate was associ- 
ated with a 71% reduction in the need for hospi- 
talization.*? 

At present, the available evidence indicates 
that IV magnesium infusion is an efficacious 
treatment for severe, acute asthma; however, 
oral magnesium supplementation is of no known 
value in the management of chronic asthma.°°->2 
Nebulized, inhaled magnesium for treating asth- 
ma requires further investigation, although a re- 
cent systematic review of six randomized con- 
trolled trials, including 296 patients, concluded 
that inhaled magnesium sulfate, along with a 
B2 agonist, may improve pulmonary function in 
patients with acute asthma.%2 


Sources 


Food Sources 


A large US national survey indicated that the av- 
erage Magnesium intake for men (about 320 mg/ 
day) and the average intake for women (about 
230 mg/day) were significantly below the current 
RDA. Magnesium intakes were even lower in men 
and women aged over 70 years.* Such findings 
suggest that marginal magnesium deficiency 
may be relatively common in the United States. 


Safety 
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Table 20.2 Food sources of magnesium 


Food Serving Magnesium 
(mg) 

Oat bran v2 cup dry 96.0 

100% bran cereal “cup 93.1 

(e.g., All Bran) 

Brown rice 1 cup cooked 86.0 

Spinach, frozen, Yacup cooked 78.0 

chopped 

Almonds 1 ounce 78.0 

(23 almonds) 

Swiss chard, v2 cup cooked 75.0 

chopped 

Lima beans va cup cooked 63.0 

Shredded wheat 2 biscuits 61.0 

Molasses, 1 tablespoon 48.0 

blackstrap 

Peanuts 1 ounce 48.0 

Okra, frozen ya cup cooked 47.0 

Hazelnuts 1 ounce 46.0 

(21 hazelnuts) 
Milk 1% fat 8 fluid ounces 34.0 
Banana 1 medium 32.0 


As magnesium is part of chlorophyll, the green 
pigment in plants, green leafy vegetables are rich 
in magnesium. Unrefined grains and nuts also 
have high magnesium content. Meats and milk 
have an intermediate magnesium content, while 
refined foods generally have the lowest magne- 
sium content. Water is a variable source of in- 
take; harder water usually has a higher concen- 
tration of magnesium salts. Some foods that are 
relatively rich in magnesium are listed in Table 
20.2, along with their magnesium content. 


Supplements 


Magnesium supplements are available as magne- 
sium oxide, magnesium gluconate, magnesium 
chloride, and magnesium citrate salts, as well as 
a number of amino acid chelates, including mag- 
nesium aspartate. Magnesium hydroxide is used 
as an ingredient in several antacids.*4 


Table 20.3 Tolerable upper intake level (UL) for supple- 
mental magnesium 


Life stage Age UL (mg/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 65 

Children 4-8 years 110 

Children 9-13 years 350 

Adolescents 14-18 years 350 

Adults 219 years 350 


"Source of intake should be from food and formula only. 


Safety 
Toxicity 


Adverse effects have not been identified from 
magnesium occurring naturally in food. How- 
ever, adverse effects from excess magnesium 
have been observed with intakes of various mag- 
nesium salts (i.e., supplemental magnesium). The 
initial symptom of excess magnesium supple- 
mentation is diarrhea—a well-known side effect 
of magnesium that is used therapeutically as a 
laxative. Individuals with impaired kidney func- 
tion are at higher risk for adverse effects of mag- 
nesium supplementation, and symptoms of mag- 
nesium toxicity have occurred in people with 
impaired kidney function taking moderate doses 
of magnesium-containing laxatives or antacids. 
Elevated serum levels of magnesium (hypermag- 
nesemia) may result in a fall in blood pressure 
(hypotension). Some of the later effects of mag- 
nesium toxicity, such as lethargy, confusion, dis- 
turbances in normal cardiac rhythm, and deteri- 
oration of kidney function, are related to severe 
hypotension. As hypermagnesemia progresses, 
muscle weakness and difficulty breathing may 
occur. Severe hypermagnesemia may result in 
cardiac arrest.*4 The FNB set the UL for magne- 
sium at 350 mg/day (Table 20.3). This UL repre- 
sents the highest level of daily supplemental 
magnesium intake likely to pose no risk of diar- 
rhea or gastrointestinal disturbance in almost all 
individuals. The FNB caution that individuals 
with renal impairment are at higher risk for ad- 
verse effects from excess supplemental magne- 
sium intake. However, they also note that there 
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are some conditions that may warrant higher 
doses of magnesium under medical supervision.‘ 


Drug Interactions 


Magnesium interferes with the absorption of di- 
goxin (a heart medication), nitrofurantoin (an 
antibiotic), and certain antimalarial drugs, which 
could potentially reduce drug efficacy. Bisphos- 
phonates (eg., alendronate and etidronate), 
which are drugs used to treat osteoporosis, and 
magnesium should be taken 2 hours apart so that 
the absorption of the bisphosphonate is not in- 
hibited. Magnesium has also been found to re- 
duce the efficacy of chlorpromazine (a tranquil- 
izer), penicillamine, oral anticoagulants, and the 
quinolone and tetracycline classes of antibiotics. 
As IV magnesium has increased the effects of cer- 
tain muscle-relaxing medications used during 
anesthesia, it is advisable to let medical staff 
know if you are taking oral magnesium supple- 
ments, laxatives, or antacids before a surgical 
procedure. High doses of furosemide and some 
thiazide diuretics (e.g., hydrochlorothiazide), if 
taken for extended periods, may result in magne- 
sium depletion.°4°> Many other medications may 
also result in renal magnesium loss.? 


LPI Recommendation 


The Linus Pauling Institute supports the latest RDA for 
magnesium intake (420 mg/day for men aged over 30 
years and 320 mg/day for women aged over 30 years). 
Fotlowing the Linus Pauling Institute recommendation 
to take a daily multivitamin/mineral supplement will 
ensure an intake of at least 100mg magnesium/day. 
Few multivitamin/mineral supplements contain more 
than 100mg magnesium due to its bulk. As magne- 
sium is plentiful in foods, eating a varied diet that pro- 
vides green vegetables and whole grains daily should 
provide the rest of an individual’s magnesium require- 
ment. 


Older Adults 

Older adults (51 years and older) are less likely than 
younger adults to consume enough magnesium to 
meet their needs and should therefore take care to eat 
magnesium-rich foods in addition to taking a multivita- 
min/mineral supplement daily. As older adults are more 
likely to have impaired kidney function, they should 
avoid taking more than 350 mg/day of supplemental 
magnesium without medical consultation. 
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Manganese 


Manganese is a mineral element that is both nu- 
tritionally essential and potentially toxic. The 
derivation of its name from the Greek word for 
Magic remains appropriate, because scientists 
are still working to understand the diverse ef- 
fects of manganese deficiency and manganese 
toxicity in living organisms.! 


Function 


Manganese plays an important role in a number 
of physiological processes as a constituent of 
multiple enzymes and an activator of other en- 
zymes.2 


Antioxidant Function 


Manganese superoxide dismutase (MnSOD) is 
the principal antioxidant enzyme in mitochon- 
dria. As mitochondria consume over 90% of the 
oxygen used by cells, they are especially vulner- 
able to oxidative stress. The superoxide radical is 
one of the reactive oxygen species produced in 
mitochondria during ATP synthesis. MnSOD cat- 
alyzes the conversion of superoxide radicals to 
hydrogen peroxide, which can be reduced to wa- 
ter by other antioxidant enzymes.? 


Metabolism 


A number of manganese-activated enzymes play 
important roles in the metabolism of carbohy- 
drates, amino acids, and cholesterol.4 Pyruvate 
carboxylase, a Manganese-containing enzyme, 
and phosphoenolpyruvate carboxykinase, a man- 
ganese-activated enzyme, are critical in gluco- 
neogenesis—the production of glucose from non- 
carbohydrate precursors. Arginase, another man- 
ganese-containing enzyme, is required by the 
liver for the urea cycle, a process that detoxifies 
ammonia generated during amino acid metabo- 
lism.3 In the brain, the manganese-activated en- 
zyme glutamine synthetase converts the amino 
acid glutamate to glutamine. Glutamate is an ex- 
citotoxic neurotransmitter and a precursor to an 


inhibitory neurotransmitter, 


acid.>6 


y-aminobutyric 


Bone Development 


Manganese deficiency results in abnormal skele- 
tal development in a number of animal species. 
Manganese is the preferred cofactor of enzymes 
called glycosyltransferases, which are needed for 
the synthesis of proteoglycans required for the 
formation of healthy cartilage and bone.’ 


Wound Healing 


Wound healing is a complex process that requires 
increased production of collagen. Manganese is 
required for the activation of prolidase, an en- 
zyme that functions to provide the amino acid 
proline for collagen formation in human skin 
cells.8 A genetic disorder known as prolidase defi- 
ciency results in abnormal wound healing among 
other problems, and is characterized by abnor- 
mal manganese metabolism.’ Glycosaminogly- 
can synthesis, which requires manganese-acti- 
vated glycosyltransferases, may also play an im- 
portant role in wound healing. 


Nutrient Interactions 


Iron. Although the specific mechanisms for man- 
ganese absorption and transport have not been 
determined, some evidence suggests that iron 
and manganese can share common absorption 
and transport pathways.!° Absorption of manga- 
nese from a meal decreases as the meal’s iron 
content increases.’ Iron supplementation (60 mg/ 
day for 4 months) was associated with decreased 
blood manganese levels and decreased MnSOD 
activity in white blood cells, indicating a reduc 
tion in manganese nutritional status.!! In addi- 
tion, an individual’s iron status can affect manga- 
nese bioavailability. Intestinal absorption of 
manganese is increased during iron deficiency, 
and increased iron stores (ferritin levels) are as- 
sociated with decreased manganese absorp- 
tion.'2 Men generally absorb less manganese 
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Table 21.1 Adequate intake for manganese 


Life stage Age Males (mg/day) Females (mg/day) 
Infants 0-6 months 0.003 0.003 

Infants 7-12 months 0.6 0.6 

Children 1-3 years 12 1 12 

Children 4-8 years 1.5 1.5 

Children 9-13 years 18 le 

Adolescents 14-18 years 22 1.6 

Adults 219 years 23 1.8 

Pregnancy All ages - 2.0 

Breast-feeding All ages = 2.6 


than women; this may be related to the fact that 
men usually have larger iron stores than wom- 
en.” Further, iron deficiency has been shown to 
increase the risk of manganese accumulation in 
the brain."4 


Magnesium. Supplemental magnesium (200 mg/ 
day) has been shown to slightly decrease manga- 
nese bioavailability in healthy adults, either by 
decreasing manganese absorption or by increas- 
ing its excretion.’ 


Calcium. In one set of studies, supplemental cal- 
cium (500 mg/day) slightly decreased manganese 
bioavailability in healthy adults. As a source of 
calcium, milk had the least effect, while calcium 
carbonate and calcium phosphate had the great- 
est effect.! Several other studies have found 
minimal effects of supplemental calcium on 
manganese metabolism.'® 


Deficiency 


Manganese deficiency has been observed in a 
number of animal species. Signs of manganese 
deficiency include impaired growth, impaired re- 
productive function, skeletal abnormalities, im- 
paired glucose tolerance, and altered carbohy- 
drate and lipid metabolism. In humans, demon- 
stration of a manganese deficiency syndrome has 
been less clear.” A child on long-term total par- 
enteral nutrition (TPN) lacking manganese devel- 
oped bone demineralization and impaired 
growth that were corrected by manganese sup- 
plementation.'” Young men who were fed a low- 
manganese diet developed decreased serum cho- 


lesterol levels and a transient skin rash.'8 Blood 
calcium, phosphorus, and alkaline phosphatase 
levels were also elevated, which may indicate in- 
creased bone remodeling as a consequence of in- 
sufficient dietary manganese. Young women fed 
a manganese-poor diet developed mildly abnor- 
mal glucose tolerance in response to an intrave- 
nous infusion of glucose.!® Overall, manganese 
deficiency is not common, and there is more con- 
cern for toxicity related to manganese overexpo- 
sure (see “Safety,” p. 182). 


Adequate Intake 


As there was insufficient information on manga- 
nese requirements to set a recommended dietary 
allowance (RDA), the Food and Nutrition Board 
(FNB) of the Institute of Medicine set an adequate 
intake (AI). As overt manganese deficiency has 
not been documented in humans eating natural 
diets, the FNB based the AI on average dietary in- 
takes of manganese determined by the Total Diet 
Study—an annual survey of the mineral content 
of representative American diets.* Al values for 
manganese are listed in Table 21.1 by age and 
gender. Manganese requirements are increased 
in pregnancy and lactation? 


Disease Prevention 


Low dietary manganese or low levels of manga- 
nese in blood or tissue have been associated with 
several chronic diseases. Although manganese 
insufficiency is not currently thought to cause 
the diseases discussed below, more research may 
be warranted to determine whether suboptimal 


manganese nutritional status contributes to cer- 
tain disease processes, 


Osteoporosis 


Women with osteoporosis have been found to 
have decreased plasma or serum levels of manga- 
nese and also an enhanced plasma response to an 
oral dose of manganese,!9° suggesting that they 
may have lower manganese status than women 
without osteoporosis. Yet, a more recent study in 
postmenopausal women with and without os- 
teoporosis did not find any differences in plasma 
levels of manganese.?! A study in healthy post- 
menopausal women found that a supplement 
containing manganese (5mg/day), copper 
(2.5 mg/day), and zinc (15 mg/day) in combina- 
tion with a calcium supplement (1000 mg/day) 
was more effective than the calcium supplement 
alone in preventing spinal bone loss over a 2-year 
period.” However, the presence of other miner- 
als in the supplement makes it impossible to de- 
termine whether manganese supplementation 
was the beneficial agent for maintaining bone 
mineral density. 


Diabetes Mellitus 


Manganese deficiency results in glucose intoler- 
ance similar to diabetes mellitus in some animal 
species, but human studies examining the man- 
ganese status of diabetics have generated mixed 
results. In one study, whole blood manganese 
levels did not differ significantly between 57 peo- 
ple with diabetes and 28 non-diabetic controls.” 
However, another study found that urinary man- 
ganese excretion tended to be slightly higher in 
185 people with diabetes compared with 185 
non-diabetic controls.2* A case-control study of 
250 diabetic and non-diabetic individuals found 
that type 2 diabetic individuals had higher serum 
manganese levels than individuals who did not 
have diabetes.” However, a more recent study in 
257 individuals with type 2 diabetes and 166 
non-diabetic controls found lower blood levels of 
manganese in the diabetic patients.*° In addition, 
a study of functional manganese status found 
that the activity of the antioxidant enzyme 
MnSOD was lower in the white blood cells of 
people with diabetes than in non-diabetics.’ 
Neither 15mg nor 30mg oral manganese im- 
proved glucose tolerance in diabetics or non-dia- 


Sources 


betic controls when given at the same time as an 
oral glucose challenge.2® Although manganese 
appears to play a role in glucose metabolism, 
there is little evidence that manganese supple- 
mentation improves glucose tolerance in diabetic 
or non-diabetic individuals. 


Seizure Disorders 


Manganese-deficient rats are more susceptible to 
seizures than manganese-sufficient rats, and rats 
that are genetically prone to epilepsy have lower 
than normal brain and blood manganese levels. 
Certain subgroups of humans with epilepsy re- 
portedly have lower whole blood manganese lev- 
els than nonepileptic controls. One study found 
that blood manganese levels of individuals with 
epilepsy of unknown origin were lower than 
those of individuals whose epilepsy was induced 
by trauma (e.g., head injury) or disease, suggest- 
ing a possible genetic relationship between epi- 
lepsy and abnormal manganese metabolism. Al- 
though manganese deficiency does not appear to 
be a cause of epilepsy in humans, the relation- 
ship between manganese metabolism and epi- 
lepsy deserves further research.”9 


Sources 


Food Sources 


In the United States, estimated average dietary 
Manganese intakes range from 2.1 mg/day to 
2.3mg/day for men and from 1.6mg/day to 
1.8 mg/day for women. People eating vegetarian 
diets and Western-type diets may have manga- 
nese intakes as high as 10.9 mg/day.* Rich sources 
of manganese include whole grains, nuts, leafy 
vegetables, and teas. Foods high in phytic acid, 
such as beans, seeds, nuts, whole grains, and soy 
products, or foods high in oxalic acid, such as 
cabbage, spinach, and sweet potatoes, may 
slightly inhibit manganese absorption. Although 
teas are rich sources of manganese, the tannins 
present in tea may moderately reduce its absorp- 
tion.!° Intake of other minerals, including iron, 
calcium, and phosphorus, have been found to 
limit retention of manganese.* The manganese 
content of some manganese-rich foods is listed in 
Table 21.2.30 
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Table 21.2 Food sources of manganese 


Food Serving Manganese (mg) 
Raisin bran cereal 1 cup 0.78-3.02 
Pecans 1 ounce (19 halves) 1.28 

Brown rice, cooked Y cup 1.07 

Instant oatmeal (prepared with 1 packet 0.99 : 
water) 

Spinach, cooked 2 cup 0.84 
Pineapple, raw Y% cup, chunks 0.77 
Almonds 1 ounce (23 whole kernels) 0.65 
Pineapple juice % cup (4 fluid ounces) 0.63 
Whole-wheat bread 1 slice 0.60 
Peanuts 1 ounce 0.55 

Lima beans, cooked Y¥ cup 0.49 

Pinto beans, cooked Y cup 0.39 

Navy beans, cooked % cup 0.48 

Sweet potato, cooked Y% cup, mashed 0.44 

Tea (green) 1 cup (8 ounces) 0.41-1.58 
Tea (black) 1 cup (8 ounces) 0.18-0.77 


Breast Milk and Infant Formulas 


Infants are exposed to varying amounts of man- 
ganese depending on their source of nutrition. 
Manganese concentrations in breast milk, cow- 
based formula, and soy-based formula are in the 
range 3-10 ug/L, 30-50 ug/L, and 200-300 pg/L, 
respectively. However, bioavailability of manga- 
nese from breast milk is higher than from infant 
formulas, and manganese deficiencies in breast- 
fed infants or toxicities in formula-fed infants 
have not been reported.?! 


Water 


Manganese concentrations in drinking water 
range from 11g/L to 100p1g/L, but most sources 
contain less than 10 pg/L.32 The US Environmen- 
tal Protection Agency (EPA) recommends 0.05 mg 
(50 p1g)/L as the maximum allowable manganese 
concentration in drinking water. 


Supplements 


Several forms of manganese are found in supple- 
ments, including manganese gluconate, manga- 
nese sulfate, manganese ascorbate, and amino 
acid chelates of manganese. Manganese is avail- 
able as a stand-alone supplement or in combina- 


tion products.34 Relatively high levels of manga- 
nese ascorbate may be found in a bone/joint 
health product containing chondroitin sulfate 
and glucosamine hydrochloride. 


Safety 
Toxicity 


Inhaled manganese. Manganese toxicity may re- 
sult in multiple neurological problems and is a 
well-recognized health hazard for people who 
inhale manganese dust, such as welders and 
smelters.'4 Unlike ingested manganese, inhaled 
manganese is transported directly to the brain 
before it can be metabolized in the liver2> The 
symptoms of manganese toxicity generally ap- 
pear slowly over a period of months to years. In 
its worst form, manganese toxicity can resultina 
permanent neurological disorder with symp- 
toms similar to those of Parkinson disease, in- 
cluding tremors, difficulty walking, and facial 
muscle spasms. This syndrome, often called 
manganism, is sometimes preceded by psychiat- 
ric symptoms, such as irritability, aggressiveness, 
and even hallucinations.3®?7 In addition, environ- 
mental or occupational inhalation of manganese 
can cause an inflammatory response in the 


Safety 


lungs.38 Clinical symptoms of effects to the lung 
include cough, acute bronchitis, and decreased 
lung function.39 


Methylcyclopentadienyl manganese tricarbonyl. 
Methylcyclopentadienyl manganese tricarbonyl 
(MMT) is a manganese-containing compound 
used in gasoline as an anti-knock additive. Al- 
though it has been used for this purpose in Cana- 
da for more than 20 years, uncertainty about ad- 
verse health effects from inhaled exhaust emis- 
sions kept the US EPA from approving its use in 
unleaded gasoline. In 1995, a US court decision 
made MMT available for widespread use in un- 
leaded gasoline.” A study in Montreal, where 
MMT had been used for more than 10 years, 
found airborne manganese levels to be similar to 
those in areas where MMT was not used.® A 
more recent Canadian study found higher con- 
centrations of respirable manganese in an urban 
versus a rural area, but average concentrations in 
both areas were below the safe level set by the US 
EPA.*! The impact of long-term exposure to low 
levels of MMT combustion products has not, 
however, been thoroughly evaluated and will re- 
quire additional study.” 


Ingested manganese. Limited evidence suggests 
that high manganese intakes from drinking water 
may be associated with neurological symptoms 
similar to those of Parkinson disease. Severe neu- 
rological symptoms were reported in 25 people 
who drank water contaminated with manganese, 
and probably other contaminants, from dry cell 
batteries for 2-3 months.*? Water manganese lev- 
els were found to be 14 mg/L almost 2 months af- 
ter symptoms began and may have already been 
declining.’ A study of older adults in Greece found 
a high prevalence of neurological symptoms in 
those exposed to water manganese levels of 1.8- 
2.3 mg/L while a study in Germany found no 
evidence of increased neurological symptoms in 
people drinking water with manganese levels 
ranging from 0.3 mg/L to 2.2 mg/L compared with 
those drinking water containing less than 
0.05 mg/L.*° Manganese in drinking water may be 
more bioavailable than manganese in food. How- 
ever, none of the studies measured dietary man- 
ganese, so total manganese intake in these cases 
is unknown. In the United States, the EPA recom- 
mends 0.05mg/L as the maximum allowable 
manganese concentration in drinking water. 


In addition, more recent studies have shown 
that children exposed to high levels of manga- 
nese through drinking water experience cogni- 
tive and behavioral deficits.“ For instance, a 
cross-sectional study in 142 10-year-old chil- 
dren, who were exposed to a mean manganese 
water concentration of 0.8 mg/L, found that chil- 
dren exposed to higher manganese levels had 
significantly lower scores on three tests of intel- 
lectual function.*’ Another study associated high 
levels of manganese in tap water with hyperac- 
tive behavioral disorders in children.** These and 
other recent reports have raised concern over the 
neurobehavioral effects of manganese exposure 
in children.46 

A single case of manganese toxicity was re- 
ported in a person who took large amounts of 
mineral supplements for years,*? while another 
case was reported as a result of a person taking a 
Chinese herbal supplement.? Manganese toxici- 
ty resulting from foods alone has not been re- 
ported in humans, even though certain vegetar- 
ian diets could provide up to 20 mg/day of man- 
ganese.432 


Intravenous manganese. Manganese neurotox- 
icity has been observed in individuals receiving 
TPN, both as a result of excessive manganese in 
the solution and as an incidental contaminant.*° 
Neonates are especially vulnerable to manga- 
nese-related neurotoxicity.*! Infants receiving 
manganese-containing TPN can be exposed to 
manganese concentrations about 100-fold higher 
than breast-fed infants.*! As a result of potential 
toxicities, some argue against including manga- 
nese in parenteral nutrition.” 


Individuals with Increased 
Susceptibility to Manganese Toxicity 


Chronic liver disease. Manganese is eliminated 
from the body mainly in bile, so impaired liver 
function may lead to decreased manganese ex- 
cretion. Manganese accumulation in individuals 
with cirrhosis or liver failure may contribute to 
neurological problems and Parkinson disease- 
like symptoms.!34 


Newborn. The newborn brain may be more sus- 
ceptible to manganese toxicity due to a greater 
expression of receptors for the manganese trans- 
port protein (transferrin) in developing nerve 
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Table 21.3 Tolerable upper intake level (UL) for manga- 
nese 


Life stage Age UL (mg/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 2 

Children 4-8 years 3 

Children 9-13 years 6 

Adolescents 14-18 years 9 

Adults 219 years 11 


*Source of intake should be from food and formula only. 


cells and the immaturity of the liver’s bile elimi- 
nation system. 


Children. Compared with adults, infants and 
children have higher intestinal absorption, as 
well as lower biliary excretion, of manganese.*® 
Thus, children are especially susceptible to any 
negative, neurotoxic effects of manganese. In- 
deed, several recent studies in school-aged chil- 
dren have reported deleterious cognitive and be- 


havioral effects after excessive manganese expo- 
sure.474853 


Iron-deficient populations. {ron deficiency has 
been shown to increase the risk of manganese ac- 
cumulation in the brain.'4 


Due to the severe implications of manganese 
neurotoxicity, the FNB set very conservative up- 
per intake levels (UL) for manganese; these are 
listed in Table 21.3 by age group.* 


Drug Interactions 


Magnesium-containing antacids and laxatives 
and the antibiotic medication tetracycline may 
decrease the absorption of manganese if taken 
together with manganese-containing foods or 
supplements.*4 


High Levels of Manganese in 
Supplements Marketed for 
Bone/|Joint Health 


Two studies have found that supplements con- 
taining a combination of glucosamine hydrochlo- 
ride, chondroitin sulfate, and manganese ascor- 
bate are beneficial in relieving pain due to mild or 


moderate osteoarthritis of the knee when com- 
pared with a placebo.*4 The dose of elemental 
manganese supplied by the supplements was 
30 mg/day for 8 weeks in one study” and 40 mg/ 
day for 6 months in the other.>4 No adverse ef- 
fects were reported during either study, and 
blood manganese levels were not measured. Nei- 
ther study compared the treatment containing 
manganese ascorbate with a treatment contain- 
ing glucosamine hydrochloride and chondroitin 
sulfate without manganese ascorbate, so it is im- 
possible to determine whether the supplement 
would have resulted in the same benefit without 
high doses of manganese. 


LPI Recommendation 


The Al for manganese (2.3 mg/day for men and 1.8 mg/ 
day for women) appears sufficient to prevent deficiency 
in most individuals. The daily intake of manganese 
most likely to promote optimum health is not known. 
Following the Linus Pauling Institute recommendation 
to take a multivitamin/mineral supplement containing 
100% of the daily values (DVs) of most nutrients will 
generally provide 2 mg/day of manganese in addition 
to that in food. As a result of the potential for toxicity 
and the lack of information about benefit, manganese 
supplementation beyond 100% of the DV (2 mg/day) is 
not recommended. There is currently no evidence that 
the consumption of a manganese-rich plant-based diet 
results in manganese toxicity. 


Older Adults 

The requirement for manganese is not known to be 
higher for older adults. However, liver disease is more 
common in older adults and may increase the risk of 
manganese toxicity by decreasing the elimination of 
manganese from the body. Manganese supplementa- 
tion beyond 100% of the DV (2 mg/day) is not recom- 
mended. 
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Molybdenum 


Ea ia 


Molybdenum is an essential trace element for 
virtually all life forms. It functions as a cofactor 
for a number of enzymes that catalyze important 
chemical transformations in the global carbon, 
nitrogen, and sulfur cycles.! Thus, molybdenum- 
dependent enzymes are required not only for hu- 
man health, but also for the health of our ecosys- 
tem. 


Function 


The biological form of molybdenum, present in 
almost all molybdenum-containing enzymes 
(molybdoenzymes), is an organic molecule 
known as the molybdenum cofactor In humans, 
molybdenum is known to function as a cofactor 
for three enzymes. 

1. Sulfite oxidase catalyzes the transformation of 
sulfite to sulfate, a reaction that is necessary 
for the metabolism of sulfur-containing ami- 
no acids (methionine and cysteine). 

2. Xanthine oxidase catalyzes the breakdown of 
nucleotides (precursors to DNA and RNA) to 
form uric acid, which contributes to the plas- 
ma antioxidant capacity of the blood. 

3, Aldehyde oxidase and xanthine oxidase cata- 
lyze hydroxylation reactions that involve a 
number of different molecules with similar 
chemical structures. 


Xanthine oxidase and aldehyde oxidase also play 
a role in the metabolism of drugs and toxins.? Of 
these three enzymes, only sulfite oxidase is 
known to be crucial for human health.4 


Nutrient Interactions 


Copper. Excess dietary molybdenum has been 
found to result in copper deficiency in grazing 
animals (ruminants). In ruminants, the forma- 
tion of compounds containing sulfur and molyb- 
denum, known as thiomolybdates, appears to 
prevent the absorption of copper. This interac 
tion between thiomolybdates and copper does 
not occur to a significant degree in humans. One 


early study reported that molybdenum intakes of 
500y1g/day and 1500y¢/day from sorghum in- 
creased urinary copper excretion.? However, the 
results of a more recent, well-controlled study 
indicated that very high dietary molybdenum in- 
takes (up to 1500 g/day) did not adversely affect 
copper nutritional status in eight healthy young 
men.’ 


Deficiency 


Dietary molybdenum deficiency has never been 
observed in healthy people.? The only document- 
ed case of acquired molybdenum deficiency oc- 
curred in a patient with Crohn disease on long- 
term total parenteral nutrition (TPN) without 
molybdenum added to the TPN solution. The 
patient developed rapid heart and respiratory 
rates, headache, and night blindness, and ulti- 
mately became comatose. He also demonstrated 
biochemical signs of molybdenum deficiency, in- 
cluding low plasma uric acid levels, decreased 
urinary excretion of uric acid and sulfate, and in- 
creased urinary excretion of sulfite. Thus, the pa- 
tient was diagnosed with defects in uric acid pro- 
duction and sulfur amino acid metabolism. The 
patient’s clinical condition improved and the 
amino acid intolerance disappeared when the 
TPN solution was discontinued and instead sup- 
plemented with molybdenum (160 p1g/day).6 
Current understanding of the essential nature 
of molybdenum in humans is based largely on 
the study of individuals with very rare inborn er- 
rors of metabolism that result in a deficiency of 
the molybdoenzyme, sulfite oxidase. Two forms 
of sulfite oxidase deficiency have been identified: 
1. Isolated sulfite oxidase deficiency, in which 
only sulfite oxidase activity is affected. 
2. Molybdenum cofactor deficiency, in which 
the activities of all three molybdoenzymes are 
affected. 


As molybdenum functions only in the form of the 
molybdenum cofactor in humans, any distur- 
bance of molybdenum cofactor metabolism can 
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Table 22.1 Recommended dietary allowance for molybdenum 


Life stage Age Males (g/day) Females (yg/day) 
Infants 0-6 months 2 (Al) 2 (Al) 

Infants 7-12 months 3 (Al) X 3 (Al) 

Children 1-3 years 7 7 

Children 4-8 years 22 22 

Children 9-13 years 34 34 

Adolescents 14-18 years 43 43 

Adults 219 years 45 45 

Pregnancy All ages - 50 

Breast-feeding All ages - 50 


Al, adequate intake. 


disrupt the function of all molybdoenzymes. To- 
gether, molybdenum cofactor deficiency and iso- 
lated sulfite oxidase deficiency have been diag- 
nosed in more than 100 individuals worldwide. 
Both disorders result from recessive traits, mean- 
ing that only individuals who inherit two copies 
of the abnormal gene (one from each parent) de- 
velop the disease. Individuals who inherit only 
one copy of the abnormal gene are known as car- 
riers of the trait but do not exhibit any symp- 
toms. The symptoms of isolated sulfite oxidase 
deficiency and molybdenum cofactor deficiency 
are identical and usually include severe brain 
damage, which appears to be due to the loss of 
sulfite oxidase activity. At present, it is not clear 
whether the neurological effects are a result of 
the accumulation of a toxic metabolite, such as 
sulfite, or inadequate sulfate production. Isolated 
sulfite oxidase deficiency and molybdenum 
cofactor deficiency can be diagnosed relatively 
early in pregnancy (10-14 weeks’ gestation) 
through chorionic villous sampling and, in some 
cases, carriers of molybdenum cofactor deficien- 
cy can be identified through genetic testing. No 
cure is currently available for either disorder, 
although anti-seizure medications and dietary 
restriction of sulfur-containing amino acids may 
be beneficial in some cases.’ 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) for 
molybdenum was most recently revised in Janu- 
ary 2001.2 It was based on the results of nutri- 
tional balance studies conducted in eight healthy 
young men under controlled laboratory condi- 


tions.29 The RDA values for molybdenum are 
listed in Table 22.1 by age and gender. Adequate 
intake (Al) was set for infants based on mean mo- 
lybdenum intake from human milk, exclusively. 


Disease Prevention 


Gastroesophageal Cancer 


Linxian is a small region in northern China where 
the incidence of cancer of the esophagus and 
stomach is very high (10 times higher than the 
average in China and 100 times higher than the 
average in the United States). The soil in this re- 
gion is low in molybdenum and other mineral 
elements, so dietary molybdenum intake is also 
low. Increased intake of nitrosamines, which are 
known carcinogens, may be one of a number of 
dietary and environmental factors that contrib- 
utes to the development of gastroesophageal 
cancer in this population. Plants require molyb- 
denum to synthesize nitrate reductase, a molyb- 
doenzyme necessary for converting nitrates from 
the soil to amino acids. Thus, when molybdenum 
content in the soil is low, plants preferentially 
convert nitrates to nitrosamines instead of using 
nitrate to synthesize amino acids. This results in 
increased nitrosamine exposure for those who 
consume the plants. Adding molybdenum to the 
soil in the form of ammonium molybdenate may 
help decrease the risk of gastroesophageal cancer 
by limiting nitrosamine exposure. It is not clear 
whether dietary molybdenum supplementation 
is beneficial in decreasing the risk of gastro- 
esophageal cancer. In a large intervention trial, 
dietary supplementation of molybdenum (30 pg/ 


Safety 


day) and vitamin C (120 mg/day) did not de- 
crease the incidence of gastroesophageal cancer 
or other cancers in residents of Linxian over a 
5-year period.!9 


Sources 


Food Sources 


The Total Diet Study, an annual survey of the 
mineral content in the typical American diet, in- 
dicates that the dietary intake of molybdenum 
averages 76 j1g/day for women and 109 g/day for 
men. Thus, usual molybdenum intakes are well 
above the RDA for molybdenum. Legumes, such 
as beans, lentils, and peas, are the richest sources 
of molybdenum. Grain products and nuts are 
considered good sources, while animal products, 
fruit, and many vegetables are generally low in 
molybdenum.” As the molybdenum content of 
plants depends on the soil molybdenum content 
and other environmental conditions, the molyb- 
denum content of foods can vary considerably.'! 


Supplements 


Molybdenum in nutritional supplements is gen- 
erally in the form of sodium molybdate or am- 
monium molybdate. !2 


Safety 
Toxicity 


The toxicity of molybdenum compounds appears 
to be relatively low in humans. Increased serum 
levels of uric acid and ceruloplasmin (an iron- 
oxidizing enzyme) have been reported in occupa- 
tionally exposed workers in a molybdenite roast- 
ing plant.!? Goutlike symptoms have also been 
reported in an Armenian population consuming 
10-15mg molybdenum from food daily.!4 In 
other studies, blood and urinary uric acid levels 
were not elevated by molybdenum intakes up to 
1.5 mg/day. There has been only one report of 
acute toxicity related to molybdenum from a di- 
etary supplement: a man reportedly consumed a 
total of 13.5 mg molybdenum over a period of 18 
days (300-800 j1g/day) and developed acute psy- 
chosis with hallucinations, seizures, and other 
neurological symptoms.'!* However, a controlled 
study in four healthy young men found that mo- 


Table 22.2 Tolerable upper intake level (UL) for molybde- 
num 


Life stage Age UL (pg/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-3 years 300 

Children 4-8 years 600 

Children 9-13 years 1100 

Adolescents 14-18 years 1700 

Adults 219 years 2000 


Source of intake should be from food and formula only. 


lybdenum intakes ranging from 22 g/day to 
1490 ug/day (almost 1.5 mg/day) elicited no seri- 
ous adverse effects when molybdenum was 
given for 24 days.” 

The Food and Nutrition Board (FNB) of the In- 
stitute of Medicine found little evidence that mo- 
lybdenum excess was associated with adverse 
health outcomes in generally healthy people. To 
determine the tolerable upper intake level (UL), 
the FNB selected adverse reproductive effects in 
rats as the most sensitive index of toxicity and 
applied a large uncertainty factor because animal 
data were used.? The ULs for molybdenum are 
listed by life stage in Table 22.2. 


Drug Interactions 


High doses of molybdenum have been found to 
inhibit the metabolism of acetaminophen in 
rats;!5 however, it is not known whether this oc 
curs at clinically relevant doses in humans. 
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LP] Recommendation 


The RDA for molybdenum (45 g/day for adults) is suf- 
ficient to prevent deficiency. Although the intake of 
molybdenum most likely to promote optimum health is 
not known, there is currently no evidence that intakes 
higher than the RDA are beneficial. Most people in the 
United States consume more than sufficient molybde- 
num in their diets, making supplementation unneces- 
sary. Following the Linus Pauling Institute’s general 
recommendation to take a multivitamin/mineral sup- 
plement that contains 100% of the daily values (DVs) 
for most nutrients is likely to provide 75 g/day of mo- 
lybdenum because the DV for molybdenum has not 
been revised to reflect the most recent RDA. Although 
the amount of molybdenum currently found in most 
multivitamin/mineral supplements is higher than the 
RDA, it is well below the UL of 2000 ug/day and should 
be safe for adults. 


Older Adults 

Because aging has not been associated with significant 
changes in the requirement for molybdenum,? our rec 
ommendation for older adults is the same as that for 
adults aged 50 and younger. 
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23 Phosphorus 


Phosphorus is an essential mineral that is re- 
quired by every cell in the body for normal func 
tion.! Most of the phosphorus in the body is 
found as phosphate (PO,?-). Approximately 85% 
of the body’s phosphorus is found in bone.” 


Function 


Phosphorus is a major structural component of 
bone in the form of a calcium phosphate salt 
called hydroxyapatite. Phospholipids (e.g., phos- 
phatidylcholine) are major structural compo- 
nents of cell membranes. All energy production 
and storage are dependent on phosphorylated 
compounds, such as adenosine triphosphate 
(ATP) and creatine phosphate. Nucleic acids, 
which are responsible for the storage and trans- 
mission of genetic information, are long chains of 
phosphate-containing molecules. A number of 
enzymes, hormones, and cell-signaling mole- 
cules depend on phosphorylation for their acti- 
vation. Phosphorus also helps to maintain nor- 
mal acid-base balance (pH) by acting as one of 
the body’s most important buffers. In addition, 
the phosphorus-containing molecule 2,3-di- 
phosphoglycerate (2,3-DPG) binds to hemoglo- 
bin in red blood cells and affects oxygen delivery 
to the tissues of the body.! 


Nutrient Interactions 


Fructose. A study of 11 men found that a diet 
high in fructose (20% of total calories) resulted in 
increased urinary loss of phosphorus and a nega- 
tive phosphorus balance (i.e., daily loss of phos- 
phorus higher than daily intake). This effect was 
more pronounced when the diet was also low in 
magnesium.’ A potential mechanism for this ef- 
fect is the lack of feedback inhibition of the con- 
version of fructose to fructose 1-phosphate in the 
liver. In other words, fructose 1-phosphate accu- 
mulates in the cell but does not inhibit the en- 
zyme that phosphorylates fructose, which con- 
sumes large amounts of phosphate. This phe- 
nomenon is known as phosphate trapping.' This 


study’s finding is relevant because fructose con- 
sumption in the United States has been increas- 
ing rapidly since the introduction of high fruc 
tose corn syrup in 1970, while magnesium intake 
has decreased over the past century.? 


Calcium .and vitamin D. Dietary phosphorus is 
readily absorbed in the small intestine, and any 
excess phosphorus absorbed is excreted by the 
kidneys. The regulation of blood calcium and 
phosphorus levels is interrelated through the ac 
tions of parathyroid hormone (PTH) and vitamin 
D (Fig. 23.1). A slight drop in blood calcium levels 
(e.g., in the case of inadequate calcium intake) is 
sensed by the parathyroid glands, resulting in 
their increased secretion of PTH. PTH stimulates 
conversion of vitamin D to its active form (cal- 
citriol) in the kidneys. Increased calcitriol levels 
in turn result in increased intestinal absorption 
of both calcium and phosphorus. Both PTH and 
vitamin D stimulate bone resorption, resulting in 
the release of bone mineral (calcium and phos- 
phate) into the blood. Although PTH stimulation 
causes decreased urinary excretion of calcium, it 
results in increased urinary excretion of phos- 
phorus, which is advantageous in bringing blood 
calcium levels up to normal because high blood 
levels of phosphate suppress the conversion of 
vitamin D to its active form in the kidneys.4 


Is high phosphorus intake detrimental to bone 
health? Some investigators are concerned about 
the increasing amounts of phosphates in the diet 
which can be attributed to phosphoric acid in 
soft drinks and phosphate additives in a number 
of commercially prepared foods.>° As phospho- 
rus is not as tightly regulated by the body as cal- 
cium, serum phosphate levels can rise slightly 
with a high phosphorus diet, especially after 
meals. High phosphate levels in the blood reduce 
the formation of the active form of vitamin D 
(calcitriol) in the kidneys, reduce blood calcium, 
and lead to increased PTH release by the parathy- 
roid glands. However, high serum phosphorus 
levels also lead to decreased urinary calcium ex- 
cretion.” If sustained, elevated PTH levels could 
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Fig. 23.1 Calcium and phosphorus homeostasis. Calcium- 
sensing proteins in the parathyroid glands sense serum 
calcium levels. In response to slight declines in serum cal- 
cium, the parathyroid glands secrete parathyroid hor- 
mone (PTH). PTH stimulates the activity of the 1-hydroxy- 
lase enzyme in the kidney, resulting in increased produc 
tion of calcitriol, the biologically active form of vitamin D. 


have an adverse effect on bone mineral content, 
but this effect has been observed only in humans 
on diets that were high in phosphorus and low in 
calcium. Moreover, similarly elevated PTH levels 
have been reported in diets that were low in cal- 
cium without being high in phosphorus.’ 

More recently, a controlled trial in young 
women found no adverse effects of a phospho- 
rus-rich diet (3000 mg/day) on bone-related hor- 
mones and biochemical markers of bone resorp- 
tion when dietary calcium intakes were main- 
tained at almost 2000 mg/day.’ At present, there 
is no convincing evidence that the dietary phos- 
phorus levels experienced in the United States 
adversely affect bone mineral density. However, 
the substitution of phosphate-containing soft 
drinks and snack foods for milk and other 
calcium-rich foods does represent a serious risk 
to bone health. 


BONE = 


Calcidiol Calcitriol 
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Calcitriol activates the vitamin D-dependent transport 
system in the small intestine, increasing the absorption of 
dietary calcium and phosphorus. Calcitriol and PTH act on 
the skeleton to increase the mobilization of calcium and 
phosphorus into the circulation. In the kidneys, calcitriol 
and PTH increase calcium reabsorption and increase phos- 
phorus excretion. 


Deficiency 


Inadequate phosphorus intake results in abnor- 
mally low serum phosphate levels (hypophos- 
phatemia). The effects of hypophosphatemia 
may include loss of appetite, anemia, muscle 
weakness, bone pain, rickets (in children), osteo- 
malacia (in adults), increased susceptibility to 
infection, numbness and tingling of the extremi- 
ties, and difficulty walking. Severe hypophospha- 
temia may result in death. Because phosphorus is 
so widespread in food, dietary phosphorus defi- 
ciency is usually seen only in cases of near-total 
starvation. Other individuals at risk of hypophos- 
phatemia include people who abuse alcohol, 
those with diabetes recovering from an episode 
of diabetic ketoacidosis, and starving or anorexic 
patients on re-feeding regimens that are high in 
calories but too low in phosphorus.! 


The Recommended Dietary 
Allowance 


The recommended dietary allowance (RDA) for 
phosphorus was based on the maintenance of 
normal serum phosphate levels in adults, which 
was believed to represent adequate phosphorus 
intake to meet cellular and bone formation needs 
(Table 23.1), 


Sources 


Food Sources 


Phosphorus is found in most foods because it is a 
critical component of all living organisms. Dairy 
products, meat, and fish are particularly rich 
sources of phosphorus. Phosphorus is also a com- 
ponent of many polyphosphate food additives 
and is present in most soft: drinks as phosphoric 
acid. Dietary phosphorus derived from food ad- 
ditives is not calculated in most food databases, 
so the total amount of phosphorus consumed by 
the average person in the United States is not en- 
tirely clear. A large survey of nutrient consump- 
tion in the United States found that the average 
phosphorus intake was 1495 mg/day in men and 
1024 mg/day in women. The Food and Nutrition 
Board (FNB) of the Institute of Medicine esti- 
mates that phosphorus consumption in the Unit- 
ed States has increased 10%-15% over the past 20 
years.” 


Safety 


The phosphorus in all plant seeds (beans, 
peas, cereals, and nuts) is present in a storage 
form of phosphate called phytic acid or phytate. 
Only about 50% of the phosphorus from phytate 
is available to humans because we lack enzymes 
(phytases) that liberate phosphorus from phy- 
tate.’ Yeasts possess phytases, so whole grains 
incorporated into leavened breads have more 
bioavailable phosphorus than whole grains in- 
corporated into breakfast cereals or flat breads.” 
Table 23.2 lists a number of phosphorus-rich 
foods along with their phosphorus content. 


Supplements 


Sodium phosphate and potassium phosphate 
salts are used for the treatment of hypophospha- 
temia, and their use requires medical supervi- 
sion. Calcium phosphate salts are sometimes 
used as calcium supplements.!° 


Safety 
Toxicity 


The most serious adverse effect of abnormally 
elevated blood levels of phosphate (hyperphos- 
phatemia) is the calcification of nonskeletal tis- 
sues, most commonly the kidneys. Such calcium 
phosphate deposition can lead to organ damage, 
especially kidney damage. Because the kidneys 
are very efficient at eliminating excess phosphate 


Table 23.1 Recommended dietary allowance for phosphorus 


Life stage Age Males (mg/day) Females (mg/day) 
Infants 0-6 months 100 (Al) 100 (Al) 
Infants 7-12 months 275 (Al) 275 (Al) 
Children 1-3 years 460 460 
Children 4-8 years 500 500 
Children 9-13 years 1250 1250 
Adolescents 14-18 years 1250 1250 
Adults 219 years 700 700 
Pregnancy <18 years = 1250 
Pregnancy 219 years - 700 
Breast-feeding <18 years - 1250 
Breast-feeding 219 years = 700 


Al, adequate intake. 
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Table 23.2 Food sources of phosphorus 


Food Serving Phosphorus (mg) 
Yogurt, plain nonfat 8 ounces 385 

Fish, salmon 3 ounces, cooked? 252 

Milk, skimmed 8 ounces 247 

Fish, halibut 3 ounces, cooked? 242 
Lentils® Y cup, cooked 178 

Beef 3 ounces, cooked? 173 

Turkey 3 ounces, cooked? 173 

Chicken 3 ounces, cooked? 155 
Almonds? 1 ounce (23 nuts) 134 
Cheese, mozzarella; part skimmed 1 ounce 131 
Peanuts? 1 ounce 107 

Egg 1 large, cooked 104 

Bread, whole-wheat 1 slice 57 
Carbonated cola drink 12 ounces 40 

Bread, enriched white 1 slice 25 


aA 3-ounce serving of meat or fish is about the size of a deck of cards. 
'Phosphorus from nuts, seeds, and grains is about 50% less bioavailable than phosphorus from other sources.? 


from the circulation, hyperphosphatemia from 
dietary causes is usually a problem only in peo- 
ple with kidney failure (end-stage renal disease) 
or hypoparathyroidism. When kidney function is 
only 20% of normal, even typical levels of dietary 
phosphorus may lead to hyperphosphatemia. 
Pronounced hyperphosphatemia has also oc 
curred due to increased intestinal absorption of 
phosphate salts taken by mouth as well as to co- 
lonic absorption of the phosphate salts in ene- 
mas.! To avoid the adverse effects of hyperphos- 
phatemia, the FNB set a tolerable upper intake 
level (UL) for oral phosphorus intake (Table 
23.3). The lower UL for individuals aged over 70 
years reflects the increased likelihood of im- 
paired kidney function in elderly individuals. The 
UL does not apply to individuals with significant- 
ly impaired kidney function or other health con- 
ditions known to increase the risk of hyperphos- 
phatemia. 


Drug Interactions 


Aluminum-containing antacids reduce the ab- 
sorption of dietary phosphorus by forming alu- 
minum phosphate, which is nonabsorbable. 
When consumed in high doses, aluminum-con- 
taining antacids can produce abnormally low 
blood phosphate levels (hypophosphatemia) as 


well as aggravate phosphate deficiency due to 
other causes.!! As little as 1 ounce (28 g) of alu- 
minum hydroxide gel three times a day for sev- 
eral weeks can diminish serum phosphate levels 
and lead to increased urinary calcium loss.!? Ex- 
cessively high doses of calcitriol, the active form 
of vitamin D, or its analogs may result in hyper- 
phosphatemia.? 

Potassium supplements or potassium-sparing 
diuretics taken together with a phosphate may 
result in high blood levels of potassium (hyperka- 
lemia). Hyperkalemia can be a serious problem, 
resulting in life-threatening heart rhythm abnor- 


Table 23.3 Tolerable upper intake level (UL) for phospho- 
rus 


Life stage Age UL (g/day) 

Infants 0-12 months Not possible to 
establish? 

Children 1-8 years 3 

Children 9-13 years 4 

Adolescents 14-18 years 4 

Adults 19-70 years 4 

Adults >70 years 3 

Pregnancy - 3,5) 

Breast-feeding - 4 


Source of intake should be from food and formula only. 


Safety 


malities (arrhythmias). People taking such a 
combination must inform their health-care pro- 
vider and have their serum potassium levels 
checked regularly."! 


LP] Recommendation 


The Linus Pauling Institute supports the RDA for phos- 
phorus (700 mg/day for adults). Although few multivi- 
tamin/mineral supplements contain more than 15% of 
the current RDA for phosphorus, a varied diet should 
easily provide adequate phosphorus for most people. 


Older Adults 

At present, there is no evidence that the phosphorus 
requirements of older adults differ from those of 
younger adults (700 mg/day). Although few multivita- 
min/mineral supplements contain more than 15% of 
the current RDA for phosphorus, a varied diet should 
easily provide adequate phosphorus for most people. 
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4 Potassium 


Potassium is an essential dietary mineral and 
electrolyte. The term electrolyte refers to a sub- 
stance that dissociates into ions (charged parti- 
cles) in solution, making it capable of conducting 
electricity. Normal body function depends on 
tight regulation of potassium concentrations 
both inside and outside cells.! 


Function 


Maintenance of Membrane Potential 


Potassium is the principal positively charged ion 
(cation) in the fluid inside cells, whereas sodium 
is the principal cation in the fluid outside cells. 
Potassium concentrations are about 30 times 
higher inside than outside cells, whereas sodium 
concentrations are more than 10 times lower in- 
side than outside cells. The concentration differ- 
ences between potassium and sodium across cell 
membranes create an electrochemical gradient 
known as the membrane potential. A cell’s mem- 
brane potential is maintained by ion pumps in 


Extracellular fluid 


Intracellular fluid 


Fig. 24.1 A simplified model of the Na*/K* ATPase pump. 
The concentration differences between potassium (K*) 


and sodium (Na*) across cell membranes create an elec 


trochemical gradient known as the membrane potential. 


` 


the cell membrane, especially the Na*/K* ATPase 
pumps. These pumps use ATP (energy) to pump 
sodium out of the cell in exchange for potassium 
(Fig. 24.1). Their activity has been estimated to 
account for 20%-40% of the resting energy ex- 
penditure in a typical adult. The large proportion 
of energy dedicated to maintaining sodium/po- 
tassium concentration gradients emphasizes the 
importance of this function in sustaining life. 
Tight control of cell membrane potential is criti- 
cal for nerve impulse transmission, muscle con- 
traction, and heart function.?* 


Cofactor for Enzymes 


A limited number of enzymes require the pres- 
ence of potassium for their activity. The activa- 
tion of Na*/K* ATPase requires the presence of 
sodium and potassium. The presence of potas- 
sium is also required for the activity of pyruvate 
kinase, an important enzyme in carbohydrate 
metabolism. 


Sodium (Na+): 145 mmol/L 
Potassium (K+): 4 mmol/L 


Potassium (K+): 150 mmol/L 
Sodium (Na+): 12 mmol/L 


Adenosine triphosphate (ATP) provides the energy to 
pump three Na* ions out of the cell in exchange for two K* 
ions, thus maintaining the membrane potential. 


Table 24.1 Adequate intake for potassium 


Life stage Age 

Infants 0-6 months 
Infants 7-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 
Pregnancy All ages 
Breast-feeding All ages 


Deficiency 


An abnormally low plasma potassium concentra- 
tion is referred to as hypokalemia. Hypokalemia 
is most commonly a result of excessive loss of po- 
tassium, e.g., from prolonged vomiting, the use of 
some diuretics, some forms of kidney disease, or 
metabolic disturbances. The symptoms of hypo- 
kalemia are related to alterations in membrane 
potential and cellular metabolism. They include 
fatigue, muscle weakness and cramps, and intes- 
tinal paralysis, which may lead to bloating, con- 
stipation, and abdominal pain. Severe hypokale- 
mia may result in muscular paralysis or abnor- 
mal heart rhythms (cardiac arrhythmias) that 
can be fatal.?4 


Conditions that Increase the Risk of 
Hypokalemia 


Conditions that increase the risk of hypokalemia 
include the following: the use of potassium- 
wasting diuretics (e.g., thiazide diuretics or furo- 
semide), alcoholism, severe vomiting or diarrhea, 
overuse or abuse of laxatives, anorexia or bulimia 
nervosa, magnesium depletion, and congestive 
heart failure.” 

In rare cases, habitual consumption of large 
amounts of black licorice has resulted in hypoka- 
lemia.®’ Licorice contains a compound (i.e., glyc 
yrrhizic acid) with similar physiological effects to 
those of aldosterone, a hormone that increases 
urinary excretion of potassium. Low dietary in- 
takes of potassium do not generally result in hy- 
pokalemia,> but research indicates that insuffi- 
cient dietary potassium increases the risk of a 
number of chronic diseases. 


Disease Prevention 


Males (mg/day) Females (mg/day) 
400 400 

700 700 

3000 3000 

3800 3800 

4500 4500 

4700 4700 

4700 4700 

= 4700 

- 5100 


Adequate Intake 


In 2004, the Food and Nutrition Board (FNB) of 
the Institute of Medicine established an adequate 
intake (AI) for potassium based on intake levels 
that have been found to lower blood pressure, re- 
duce salt sensitivity, and minimize the risk of 
kidney stones (Table 24.1).4 


Disease Prevention 


The diets of Western industrialized cultures are 
quite different from those of prehistoric cultures 
and the few remaining isolated primitive cul- 
tures. Among other differences, the daily intake 
of sodium chloride (salt) in Western industrial- 
ized cultures is about three times higher than the 
daily intake of potassium on a molar basis, 
whereas Salt intake in primitive cultures is about 
seven times lower than potassium intake.® The 
relative deficiency of dietary potassium in the 
modern diet may play a role in the pathology of 
some chronic diseases. 


Stroke 


Several large epidemiological studies have sug- 
gested that increased potassium intake is associ- 
ated with decreased risk of stroke. A prospective 
study of more than 43000 men followed for 
8 years found that men in the top quintile (one- 
fifth) of dietary potassium intake (median intake 
4300 mg/day) were only 62% as likely to have a 
stroke as those in the lowest quintile of potassi- 
um intake (median intake 2400 mg/day).? The 
inverse association was especially high in men 
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with hypertension. However, a similar prospec- 
tive study of more than 85 000 women followed 
for 14 years found a much more modest associa- 
tion between potassium intake and the risk of 
stroke.'° Another large study that followed more 
than 9000 people for an average of 16 years found 
that potassium intake was inversely related to 
stroke only in black men and men with hyper- 
tension.!! However, black men and women re- 
ported significantly lower potassium intakes 
than white men and women (1606 mg/day vs. 
2178 mg/day). 

More recent data from the same population 
indicate that those with potassium intakes high- 
er than 1352 mg/day were only 72% as likely to 
have a stroke as those with potassium intakes 
lower than 1352 mg/day.'? A prospective study in 
5600 men and women older than 65 years found 
that low potassium intake was associated with a 
significantly increased incidence of stroke in in- 
dividuals not taking diuretics.!? More recently, a 
prospective study in a cohort of 26556 men who 
smoked reported that higher intake of potassium 
was associated with a nonsignificant reduction in 
risk of cerebral infarction.'4 Taken together, the 
epidemiological data suggest that a modest in- 
crease in fruit and vegetable intake (rich sources 
of dietary potassium), especially in those with 
hypertension and/or relatively low potassium in- 
takes, could significantly reduce the risk of stroke. 


Osteoporosis 


At least four cross-sectional studies have report- 
ed significant positive associations between di- 
etary potassium intake and bone mineral density 
(BMD) in populations of premenopausal, peri- 
menopausal, and postmenopausal women as 
well as elderly men.!>-!” The average dietary po- 
tassium intakes of the study participants ranged 
from about 3000 mg/day to 3400 mg/day, where- 
as the highest potassium intakes exceeded 
6000 mg/day and the lowest intakes ranged from 
1400 mg/day to 1600 mg/day. In all of these stud- 
ies, BMD was also positively and significantly as- 
sociated with fruit and vegetable intake. One 
study that examined changes in BMD over time 
found that higher dietary potassium intakes (and 
fruit and vegetable intakes) were associated with 
significantly less decline in BMD at the hip in 
men, but not in women, over a 4-year period.!7 
However, a prospective study that followed 266 


elderly women found that women in the highest 
quartile (one-fourth) of potassium excretion had 
higher BMD measures after 5 years compared 
with women in the lowest quartile of potassium 
excretion,’® suggesting that eating potassium- 
rich foods may help to prevent osteoporosis. 

Potassium-rich foods, such as fruit and vege- 
tables, are also rich in precursors to bicarbonate 
ions, which buffer acids in the body. The modern 
Western diet tends to be relatively low in sources 
of alkali (fruit and vegetables) and high in sourc 
es of acid (fish, meats, and cheeses). When the 
quantity of bicarbonate ions is insufficient to 
maintain normal pH, the body is capable of mo- 
bilizing alkaline calcium salts from bone in order 
to neutralize acids consumed in the diet and gen- 
erated by metabolism.’ Increased consumption 
of fruit and vegetables reduces the net acid con- 
tent of the diet and may preserve calcium in 
bones, which might otherwise be mobilized to 
maintain normal pH. Support for this theory was 
provided by a study of 18 postmenopausal wom- 
en, which found that potassium bicarbonate sup- 
plementation decreased urinary acid and calci- 
um excretion, resulting in increased biomarkers 
of bone formation and decreased biomarkers of 
bone resorption.2° Other studies have reported 
that short-term (3 months or less) supplementa- 
tion with potassium citrate decreased urinary 
acid excretion and biomarkers of bone resorption 
in postmenopausal women?! and also ameliorat- 
ed the negative effects of a high-salt diet on bone 
metabolism.?? However, a recent 2-year random- 
ized controlled trial found that potassium citrate 
supplementation did not reduce bone turnover 
or increase BMD in postmenopausal women.2? 
Overall, consumption of potassium-rich fruits 
and vegetables may improve BMD and help lower 
the risk of osteoporosis. 


Kidney Stones 


Abnormally high urinary calcium (hypercalci- 
uria) increases the risk of developing kidney 
stones. In individuals with a history of develop- 
ing calcium-containing kidney stones, increased 
dietary acid load was significantly associated 
with increased urinary calcium excretion.”4 In- 
creasing dietary potassium (and alkali) intake, by 
increasing fruit and vegetable intake or by taking 
potassium bicarbonate supplements, has been 
found to decrease urinary calcium excretion. In 


Sources 


addition, potassium deprivation has been found 
to increase urinary calcium excretion.2°6 A large 
prospective study of more than 45000 men fol- 
lowed for 4 years found that men whose potas- 
sium intake averaged more than 4042 mg/day 
were only half as likely to develop symptomatic 
kidney stones as men whose intake averaged less 
than 2895 mg/day.” A similar study that fol- 
lowed more than 90000 women over a period of 
12 years found that women in the highest quin- 
tile of potassium intake (averaging 3458 mg/day) 
were only 65% as likely to develop symptomatic 
kidney stones as women in the lowest quintile of 
potassium intake (averaging 2703 mg/day).”® In 
both of these prospective studies, dietary potas- 
sium intake was derived almost entirely from 
potassium-rich food, such as fruit and vegetables. 


Disease Treatment 


Hypertension 


A number of studies indicate that groups with 
relatively high dietary potassium intakes have 
lower blood pressures than comparable groups 
with relatively low potassium intakes.2° Data on 
more than 17000 adults who participated in the 
third National Health and Nutrition Examination 
Survey (NHANES III) indicated that higher di- 
etary potassium intakes were associated with 
significantly lower blood pressures.*° The results 
of the Dietary Approaches to Stop Hypertension 
(DASH) trial provided further support for the 
beneficial effects of a potassium-rich diet on 
blood pressure.*! Compared with a control diet 
providing only 3.5 servings per day of fruit and 
vegetables and 1700 mg/day of potassium, con- 
sumption of a diet including 8.5 servings per day 
of fruit and vegetables and 4100 mg/day of potas- 
sium lowered blood pressure by an average of 
2.8/1.1 mmHg (systolic BP/diastolic BP) in all 
subjects and by an average of 7.2/2.8 mm Hg in 
those with hypertension. 

In 1997, a meta-analysis of 33 randomized 
controlled trials, including 2609 individuals, as- 
sessed the effects of increased potassium intake, 
mostly in the form of potassium chloride (KCI) 
supplements, on blood pressure.*? Increased po- 
tassium intake (2300-3900 mg/day) resulted in 
slight but significant blood pressure reductions 
that averaged 1.8/1.0 mmHg in people with nor- 
mal blood pressure and 4.4/2.5 mmHg in people 


with hypertension. Subgroup analysis indicated 
that the blood pressure-lowering effect of potas- 
sium was more pronounced in individuals with 
higher salt intakes and in trials where black indi- 
viduals made up a majority of the participants. A 
clinical trial in 150 Chinese men and women 
with borderline-to-mild hypertension found that 
moderate supplementation with 500 mg/day of 
potassium chloride for 12 weeks resulted in a sig- 
nificant 5 mmHg reduction in systolic BP com- 
pared with placebo; no changes in diastolic BP 
were observed in this study.?4 Similar to many 
Western diets, the customary diet of this popula- 
tion was high in sodium and low in potassium. A 
crossover trial in 14 hypertensive individuals re- 
ported that supplementation with potassium ci- 
trate was equally as effective in lowering blood 
pressure as potassium chloride.*? A more recent 
crossover trial in 42 adults with mild, untreated 
high blood pressure compared the effects of sup- 
plemental potassium chloride or potassium bi- 
carbonate with a placebo.+ Supplementation 
with potassium chloride slightly decreased am- 
bulatory systolic BP but had no effect on office 
systolic BP, whereas supplementation with po- 
tassium bicarbonate did not affect blood pres- 
sure measurements. Both supplements resulted 
in improved endothelial function and other car- 
diovascular benefits.*4 However, a crossover trial 
in 48 adults with early hypertension (defined as 
a diastolic BP of greater than 80 mmHg but less 
than 100 mmHg), who were not taking antihy- 
pertensive medication, reported that increased 
potassium intake through dietary or supplemen- 
tal (potassium citrate) means did not improve 
blood pressure or vascular function.*° 

Thus, increasing potassium intake by consum- 
ing a diet rich in fruits and vegetables may help 
lower blood pressure and may have other health 
benefits. Supplemental potassium might help 
lower blood pressure in some individuals, but 
potassium supplements should only be used in 
consultation with a medical provider. 


Sources 


Food Sources 


The richest sources of potassium are fruits and 
vegetables. A dietary survey in the United States 
indicated that the average dietary potassium in- 
take is about 2300mg/day for women and 
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Table 24.2 Food sources of potassium 


Food Serving Potassium 
(mg) 

Potato, baked with 1 medium 926 

skin 

Plums, dried Ya cup 637 

(prunes) 

Raisins y2 cup 598 

Prune juice 6 fluid ounces 528 

Lima beans, cooked cup 485 


Acorn squash, Yecup(cubed) 448 


cooked 
Banana 1 medium 422 
Spinach, cooked v2 cup 420 


6 fluid ounces 417 
6 fluid ounces 372 


Tomato juice 


Orange juice 


Artichoke, cooked 1 medium 343 
Raisin bran cereal 1 cup 335-362 
Molasses 1 tablespoon 293 
Tomato 1 medium 292 
Orange 1 medium 237 
Sunflower seeds 1 ounce 241 
Almonds 1 ounce 200 


3100 mg/day for men.*° The potassium content of 
some relatively potassium-rich foods is listed in 
Table 24.2.36 


Supplements 


Multivitamin/mineral supplements in the United 
States do not contain more than 99 mg potassium 
per serving. Higher doses of supplemental potas- 
sium are generally prescribed to prevent and 
treat potassium depletion and hypokalemia. The 
use of more potent potassium supplements in 
potassium deficiency requires close monitoring 
of serum potassium concentrations. Potassium 
supplements are available as a number of differ- 
ent salts, including potassium chloride, citrate, 
gluconate, bicarbonate, aspartate, and orotate.*’ 
As a result of the potential for serious side ef- 
fects, the decision to use a potent potassium sup- 
plement should be made in collaboration witha 
health-care provider. 


Safety 
Toxicity (Excess) 


Abnormally elevated serum potassium concen- 
trations are referred to as hyperkalemia. Hyper- 
kalemia occurs when potassium intake exceeds 
the capacity of the kidneys to eliminate it. Acute 
or chronic renal (kidney) failure, the use of potas- 
sium-sparing diuretics, and insufficient aldoste- 
rone secretion (hypoaldosteronism) may result 
in the accumulation of excess potassium due to 
decreased urinary potassium excretion. Oral 
doses greater than 18 g taken at one time in indi- 
viduals not accustomed to high intakes may lead 
to severe hyperkalemia, even in those with nor- 
mal kidney function.4 Hyperkalemia may also 
result from a shift of intracellular potassium into 
the circulation, which may occur with the rup- 
ture of red blood cells (hemolysis) or tissue dam- 
age (e.g., trauma or severe burns). Symptoms of 
hyperkalemia may include tingling of the hands 
and feet, muscular weakness, and temporary pa- 
ralysis. The most serious complication of hyper- 
kalemia is the development of an abnormal heart 
rhythm (cardiac arrhythmia), which can lead to 
cardiac arrest.*® The FNB did not set a tolerable 
upper intake level (UL) for potassium because ad- 
verse effects from high dietary intakes of potas- 
sium have not been reported in healthy individu- 
als.4 


Adverse Reactions to Potassium 
Supplements 


Gastrointestinal symptoms are the most com- 
mon side effects of potassium supplements, in- 
cluding nausea, vomiting, abdominal discomfort, 
and diarrhea. Intestinal ulceration has been re- 
ported after the use of enteric-coated potassium 
chloride tablets. Taking potassium with meals or 
taking a microencapsulated form of potassium 
may reduce gastrointestinal side effects. The 
most serious adverse reaction to potassium sup- 
plementation is hyperkalemia. Individuals with 
abnormal kidney function and those on potas- 
sium-sparing medications should be monitored 
closely to prevent hyperkalemia.°:*’ 


Safety 


Table 24.3 Medications associated with hyperkalemia?” 


Medication family Specific medications 


Potassium-sparing agents Spironolactone, 
triamterene, amiloride 


Angiotensin-converting Captopril, enalapril, 

enzyme inhibitors fosinopril 

Nonsteroidal anti-inflam- Indometacin, ibuprofen, 

matory agents ketorolac 

Anti-infective agents Trimethoprim- 
sulfamethoxazole, 
pentamidine 

Anticoagulant Heparin 

Cardiac glycoside Digitalis 

Antihypertensive agents ß-Blockers and a-blockers 

Angiotensin receptor Losartan, valsartan, 

blockers irbesartan, candesartan 


Drug Interactions 


The classes of medication listed in Table 24.3 are 
known to increase the risk of hyperkalemia (ele- 
vated serum potassium); 38 individuals are en- 
couraged to consult their physicians regarding 
any dietary restriction that may apply when tak- 
ing such medications. Medications that are 
known to increase the risk of hypokalemia (low 
serum potassium) are listed in Table 24.4.5 


LPI Recommendation 


There is considerable evidence that a diet supplying at 
least 4.7 g/day of potassium is associated with a de- 
creased risk of stroke, hypertension, osteoporosis, and 
kidney stones. Fruit and vegetables are among the rich- 
est sources of dietary potassium, and a large body of 
evidence supports the association of increased fruit and 
vegetable intakes with reduced risk of cardiovascular 
disease.??*° Consequently, the Linus Pauling Institute 
recommends increasing potassium intake to at least 
4.7 g/day by increasing consumption of potassium-rich 
foods, especially fruit, vegetables, and nuts. 


Older Adults 

A diet supplying at least 4.7 g/day of potassium is also 
appropriate for healthy older adults because such diets 
are associated with decreased risk of stroke, hyperten- 
sion, osteoporosis, and kidney stones. This recommen- 
dation does not apply to individuals who have been ad- 
vised to limit potassium consumption by a health-care 
professional. 


Table 24.4 Medications associated with hypokalemia" 


Medication family Specific medications 
B-Adrenergic agonists Epinephrine 
Decongestants Pseudoephedrine, 


phenylpropanolamine 


Bronchodilators Albuterol, terbutaline, 
pirbuterol, isoetharine, 
fenoterol, ephedrine, 
isoproterenol, metapro- 
terenol, theophylline 


Tocolytic (laborsuppress- Ritodrine, buphenin 

ing) agents 

Diuretics. Acetazolamide, thiazides, 
chlorthalidone, 
indapamide, metolazone, 
quinethazone, 
bumetanide, ethacrynic 
acid, furosemide, 


torsemide 
Mineralocorticoids Fludrocortisone 
Substances with Licorice, carbenoxolone, 


mineralocorticoid effects gossypol 


High-dose glucocorticoids 


High-dose antibiotics Penicillin, nafcillin, 
carbenicillin 
Other Caffeine, sodium 


polystyrene sulfonate 
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Selenium 


Selenium is a trace element that is essential in 
small amounts, but like all essential elements, it 
is toxic at high levels. Humans and animals re- 
quire selenium for the function of a number of 
selenium-dependent enzymes, also known as 
selenoproteins. During selenoprotein synthesis, 
selenocysteine is incorporated into a very specif- 
ic location in the amino acid sequence in order to 
form a functional protein. Unlike animals, plants 
do not appear to require selenium for survival. 
However, when selenium is present in the soil, 
plants incorporate it nonspecifically into com- 
pounds that usually contain sulfur.! 


Function 


Selenoproteins 


At least 25 selenoproteins have been identified, 
but the metabolic functions have been identified 
for only about half of them.? 


Glutathione peroxidases. Five selenium-contain- 
ing glutathione peroxidases have been identi- 
fied: cellular or classic peroxidase (GPx), plasma 
or extracellular GPx, phospholipid hydroperox- 
ide GPx, gastrointestinal GPx, and olfactory GPx.” 
Although each GPx is a distinct selenoprotein, 
they are all antioxidant enzymes that reduce po- 
tentially damaging reactive oxygen species (ROS), 
such as hydrogen peroxide and lipid hydroperox- 
ides, to produce harmless products such as water 
and alcohols by coupling their reduction with the 
oxidation of glutathione (Fig. 25.1). Sperm mito- 
chondrial capsule selenoprotein, an antioxidant 
enzyme that protects developing sperm from 
oxidative damage and later forms a structural 
protein required by mature sperm, was once 
thought to be a distinct selenoprotein but now 
appears to be phospholipid hydroperoxide GPx.? 


Thioredoxin reductase. Together with the com- 
pound thioredoxin, thioredoxin reductase par- 
ticipates in the regeneration of several antioxi- 
dants, possibly including vitamin C. Maintenance 
of thioredoxin in a reduced form by thioredoxin 
reductase is important for regulating cell growth 
and viability.?+ 


Reduced Glutathione 


(2 GSH) 


NADP+ 


Glutathione reductase 


NADPH+H+ 


(GSSG) 


Glutathione peroxidase 


Y 


Selenium 


Oxidized Glutathione 


Fig.25.1 The glutathione oxidation-reduction (redox) 
cycle. One molecule of hydrogen peroxide is reduced to 
two molecules of water, while two molecules of glutathi- 
one (GSH) are oxidized in a reaction catalyzed by the sele- 


noenzyme, glutathione peroxidase. Oxidized glutathione 
may be reduced by the flavin adenine dinucleotide (FAD)- 
dependent enzyme, glutathione reductase. 
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lodothyronine deiodinases (thyroid hormone de- 
iodinases). The thyroid gland releases very small 
amounts of biologically active thyroid hormone 
(triiodothyronine or T3) and larger amounts of an 
inactive form of thyroid hormone (thyroxine or 
T4) into the circulation. Most of the biologically 
active T; in the circulation and inside cells is cre- 
ated by the removal of one iodine atom from T, in 
a reaction catalyzed by selenium-dependent 
iodothyronine deiodinases. Three different sele- 
nium-dependent iodothyronine deiodinases 
(types I, I], and If) can both activate and inacti- 
vate thyroid hormone by acting on 73, T4, or other 
thyroid hormone metabolites. Thus, selenium is 
an essential element for normal development, 
growth, and metabolism because of its role in the 
regulation of thyroid hormones.?° 


Selenoprotein P. Selenoprotein P is found in 
plasma and also associated with vascular endo- 
thelial cells (cells that line the inner walls of 
blood vessels). The primary function of seleno- 
protein P appears to be a transport protein for 
selenium.® It also functions as an antioxidant that 
protects endothelial cells from damage induced 
by such compounds as peroxynitrite, a reactive 
nitrogen species.’ 


Selenoprotein W. Selenoprotein W is found in 
muscle. Although its function is currently un- 
known, it is thought to play a role in muscle me- 
tabolism.® There is about 80% homology of this 
selenoprotein from six different species of ani- 
mals.” 


Selenophosphate synthetase. Incorporation of 
selenocysteine into selenoproteins is directed by 
the genetic code and requires the enzyme sele- 
nophosphate synthetase, A selenoprotein itself, 
selenophosphate synthetase catalyzes the syn- 
thesis of monoselenium phosphate, a precursor 
of selenocysteine that is required for the synthe- 
sis of selenoproteins.2 


Methionine-R-sulfoxide reductase. Methionine- 
R-sulfoxide reductase was initially identified as 
selenoprotein R and selenoprotein X by two dif- 
ferent laboratories. However, later studies re- 
vealed that the protein catalyzes stereospecific 
reduction of oxidized methionine residues in re- 
actions that use thioredoxin as a reducing agent. 


There are two forms of this specific selenopro- 
tein.” 


Sep15 (15-kDA selenoprotein). Sep15 is mam- 
malian protein located in the endoplasmic retic 
ulum of the cell. Here, it binds uridyl diphosphate 
(UDP)-glucose:glycoprotein glucosyltransferase, 
an enzyme that senses protein folding. Sep15 has 
a redox function and is also implicated in cancer 
prevention.” 


Selenoprotein V. Selenoprotein V is expressed 
exclusively in testes and is thought to function in 
spermatogenesis.” 


Selenoprotein S. Selenoprotein S is involved in 
retrotranslocation of misfolded proteins from the 
endoplasmic reticulum to the cytosol. This pro- 
tein may also be involved in inflammatory and 
immune responses.” 


Nutrient Interactions 


Antioxidant nutrients. As an integral part of the 
glutathione GPxs and thioredoxin reductase, se- 
Jenium interacts with nutrients that affect cellu- 
lar redox status (i.e., prooxidant/antioxidant bal- 
ance), Other minerals that are critical compo- 
nents of antioxidant enzymes include copper (as 
superoxide dismutase), zinc (as superoxide dis- 
mutase), and iron (as catalase). Selenium as GPx 
also appears to support the activity of vitamin E 
(a-tocopherol) in limiting the oxidation of lipids. 
Animal studies indicate that selenium and vita- 
min E tend to spare each other and that selenium 
can prevent some of the damage resulting from 
vitamin E deficiency in models of oxidative 
stress.'!° Further, thioredoxin reductase main- 
tains the antioxidant function of vitamin C by 
catalyzing its regeneration from its oxidized 
form, dehydroascorbic acid.® 


lodine. Selenium deficiency may exacerbate the 
effects of iodine deficiency. lodine is essential for 
the synthesis of thyroid hormone; however, the 
iodothyronine deiodinases are also required for 
the conversion of T, to the biologically active thy- 
roid hormone T3. Selenium supplementation in a 
small group of elderly individuals decreased 
plasma Ty, indicating increased deiodinase activ- 
ity and thus increased conversion of T; to T3.! 


Deficiency 


Insufficient selenium intake results in decreased 
activity of the GPx enzymes, as well as some oth- 
er thioredoxin reductase and thyroid deiodinas- 
es. Even when severe, isolated selenium deficien- 
cy does not usually result in obvious clinical ill- 
ness. However, selenium-deficient individuals 
appear to be more susceptible to additional 
physiological stresses.!! 


Individuals at Increased Risk of 
Selenium Deficiency 


Clinical selenium deficiency has been observed 
in chronically ill patients who were receiving to- 
tal parenteral nutrition (TPN) without added se- 
lenium for prolonged periods of time. Muscular 
weakness, muscle wasting, and cardiomyopathy 
(inflammation and damage to the heart muscle) 
have been observed in these patients. TPN solu- 
tions are now supplemented with selenium to 
prevent such problems. People who have had a 
large portion of the small intestine surgically re- 
moved or those with severe gastrointestinal 
problems, such as Crohn disease, are also at risk 
for selenium deficiency due to impaired absorp- 
tion. Specialized medical diets used to treat met- 
abolic disorders, such as phenylketonuria, are 
often low in selenium. Specialized diets that are 
to be used exclusively over long periods of time 
should have their selenium content assessed to 
determine the need for selenium supplementa- 
tion." 


Keshan Disease 


Keshan disease is a cardiomyopathy that affects 
young women and children in a selenium-defi- 
cient region of China. The acute form of the dis- 
ease is characterized by the sudden onset of car- 
diac insufficiency, whereas the chronic form re- 
sults in moderate-to-severe heart enlargement 
with varying degrees of cardiac insufficiency. The 
incidence of Keshan disease is closely associated 
with very low dietary intakes of selenium and 
poor selenium nutritional status. Selenium sup- 
plementation protects people from developing 
Keshan disease but cannot reverse heart muscle 
damage once it occurs.''!* Despite the strong 
evidence that selenium deficiency is a funda- 


Deficiency 


mental factor in the etiology of Keshan disease, 
the seasonal and annual variation in its occur- 
rence suggests that an infectious agent is in- 
volved in addition to selenium deficiency. Cox- 
sackievirus is one virus type that has been iso- 
lated from Keshan disease patients, and studies 
in selenium-deficient mice show that this virus is 
capable of causing an inflammation of the heart 
called myocarditis, Studies in mice also indicate 
that oxidative stress induced by selenium defi- 
ciency results in changes in the viral genome; 
such genomic changes are capable of converting 
a relatively harmless viral strain to a myocarditis- 
causing strain.'3!4 Although not proven in Kes- 
han disease, selenium deficiency may result in a 
more virulent strain of virus with the potential to 
invade and damage the heart muscle. 


Kashin-Beck Disease 


Kashin—Beck disease is characterized by the de- 
generation of articular cartilage between joints 
(osteoarthritis) and is associated with poor sele- 
nium status in areas of northern China, North 
Korea, and eastern Siberia. The disease affects 
children between the ages of 5 and 13 years. Se- 
vere forms of the disease may result in joint de- 
formities and dwarfism. Unlike Keshan disease, 
there is little evidence that improving selenium 
nutritional status prevents Kashin-Beck disease. 
Thus, the role of selenium deficiency in the etiol- 
ogy of Kashin-Beck disease is less certain. A 
number of other causative factors have been sug- 
gested for Kashin-Beck disease, including fungal 
toxins in grain, iodine deficiency, and contami- 
nated drinking water.1!12 


Recommended Dietary Allowance 


The recommended dietary allowance (RDA) was 
revised in 2000 by the Food and Nutrition Board 
(FNB) of the Institute of Medicine. The most re- 
cent RDA is based on the amount of dietary sele- 
nium required to maximize the activity of GPx in 
plasma (Table 25.1).'° 
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Table 25.1 Recommended dietary allowance for selenium 


Life stage Age Males (g/day) Females (g/day) 
Infants 0-6 months 15 (Al) 15 (Al) 

Infants 7-12 months 20 (Al) 20 (Al) 

Children 1-3 years 20 > 20 

Children 4~8 years 30 30 

Children 9-13 years 40 40 

Adolescents 14-18 years 55 55 

Adults 219 years 55 55 

Pregnancy All ages - 60 

Breast-feeding All ages - 70 


Al, adequate intake. 


Disease Prevention 


Immune Function 


Selenium deficiency has been associated with 
impaired function of the immune system.!® 
Moreover, selenium supplementation in individ- 
uals who are not overtly selenium deficient ap- 
pears to stimulate the immune response. In two 
small studies, healthy"! and immunosup- 
pressed individuals! supplemented with 200 ug/ 
day of selenium as sodium selenite for 8 weeks 
showed an enhanced immune cell response to 
foreign antigens compared with those taking a 
placebo. A considerable amount of basic research 
also indicates that selenium plays a role in regu- 
lating the expression of cell-signaling molecules 
called cytokines, which orchestrate the immune 
response,”° 


Viral Infection 


Selenium deficiency appears to enhance the vir- 
ulence or progression of some viral infections. 
The increased oxidative stress resulting from se- 
lenium deficiency may induce mutations or 
changes in the expression of some viral genes. 
When selenium-deficient mice are inoculated 
with a relatively harmless strain of Coxsackievi- 
rus, mutations occur in the viral genome that re- 
sult in a more virulent form of the virus, which 
causes an inflammation of the heart muscle 
known as myocarditis. Once mutated, this form of 
the virus also causes myocarditis in mice that are 
not selenium deficient, demonstrating that the 


increased virulence is due to a change in the vi- 
rus rather than the effects of selenium deficiency 
on the host immune system. A study in mice that 
lack cellular (classic) GPx-1 (knockout mice) 
demonstrated that cellular GPx provides protec- 
tion against myocarditis resulting from muta- 
tions in the genome of a previously benign virus. 
Selenium deficiency results in decreased activity 
of GPx, increasing oxidative damage and the like- 
lihood of mutations in the viral genome. Cox- 
sackievirus has been isolated from the blood of 
some sufferers of Keshan disease, suggesting that 
it may be a cofactor in the development of the 
cardiomyopathy associated with selenium defi- 
ciency in humans.?! 


Cancer 


Animal studies. There is a great deal of evidence 
indicating that selenium supplementation at 
high levels reduces the incidence of cancer in 
animals. More than two-thirds of over 100 pub- 
lished studies in 20 different animal models of 
spontaneous, viral, and chemically induced can- 
cers found that selenium supplementation sig- 
nificantly reduces tumor incidence.*? The evi- 
dence indicates that the methylated forms of se- 
lenium are the active species against tumors, and 
these methylated selenium compounds are pro- 
duced at the greatest amounts with excess sele- 
nium intakes.” The relationships of selenium in- 
take to cancer in humans and selenium status to 
tumor incidence in animals have been summa- 
rized.?4 


Epidemiological studies. Geographic studies 
have consistently observed higher cancer mor- 
tality rates in populations living in areas with 
low soil selenium and relatively low dietary sele- 
nium intakes, Results of epidemiological studies 
of cancer incidence in groups with less variable 
selenium intakes have been less consistent, but 
such studies also show a trend for individuals 
with lower selenium levels (blood and nails) to 
have a higher incidence of several different types 
of cancer. However, this trend is less pronounced 
in women, and a prospective study of more than 
60000 female nurses in the United States found 
no association between toenail selenium levels 
and total cancer risk.” 

Hepatitis infection and cigarette smoking are 
known to increase one’s risk for various types of 
cancer, and low dietary selenium intake may 
heighten cancer risk. Chronic infection with viral 
hepatitis B or C significantly increases risk of liver 
cancer. In a study of Taiwanese men with chronic 
viral hepatitis B or C infection, low plasma sele- 
nium concentrations were associated with an 
even greater risk of liver cancer; the inverse as- 
sociation between selenium levels and liver can- 
cer was stronger in cigarette smokers and in 
those with lower plasma levels of vitamin A and 
certain carotenoids.2§ A case-control study with- 
in a prospective study of over 9000 Finnish men 
and women examined serum selenium levels in 
95 individuals subsequently diagnosed with lung 
cancer and 190 matched controls.” Lower serum 
selenium levels were associated with an in- 
creased risk of lung cancer, and the association 
was more pronounced in those who smoked. In 
this Finnish population, selenium levels were 
only about 60% of the level commonly observed 
in other Western countries. Results of a meta- 
analysis of 16 studies suggest that selenium may 
protect against lung cancer. In this analysis, a sig- 
nificantly lower risk (54% reduction) of lung can- 
cer was found when studies assessing selenium 
exposure by toenail selenium content were 
pooled. A nonsignificant decrease (20% reduc- 
tion) in lung cancer risk was found when studies 
assessing selenium status by serum levels were 
collectively analyzed.?° 

Some studies have reported that low dietary 
selenium intakes are associated with increased 
risk of prostate cancer. A case-control study 
within a prospective study of over 50000 male 
health professionals in the United States found a 


Disease Prevention 


significant inverse relationship between toenail 
selenium content and the risk of prostate cancer; 
181 men diagnosed with advanced prostate can- 
cer and 181 matched controls were included in 
this study.” In this study, individuals whose toe- 
nail selenium content was consistent with an av- 
erage dietary intake of 159p1g/day of selenium 
had a 65% lower risk of advanced prostate cancer 
compared with those with toenail selenium con- 
tent consistent with an average intake of 86 pg/ 
day. Within a prospective study of more than 
9000 Japanese-American men, a case-control 
study that examined 249 confirmed cases of 
prostate cancer and 249 matched controls found 
the risk of developing prostate cancer was 50% 
less in men with serum selenium levels in the 
highest quartile (one-fourth) compared with 
those in the lowest quartile.2° A case-control 
study found that men with prediagnostic plasma 
selenium levels in the lowest quartile were four 
to five times more likely to develop prostate can- 
cer than those in the highest quartile.?! 

A case-control study that compared 724 pros- 
tate cancer cases with 879 matched controls re- 
ported that serum selenium levels were not as- 
sociated with prostate cancer.” In contrast, one 
of the largest case-control studies to date found a 
significant inverse association between toenail 
selenium and the risk of colon cancer, but no as- 
sociations between toenail selenium and the risk 
of breast cancer or prostate cancer were ob- 
served.*? A meta-analysis of 20 epidemiological 
studies, mainly case-control studies, found that 
selenium levels in the serum or toenails were sig- 
nificantly lower in those with prostate cancer.*4 
However, a recent prospective study in a cohort 
of over 295000 men reported that frequent mul- 
tivitamin use (more than seven times a week) 
and use of selenium supplements, together, was 
associated with significant increases in advanced 
and fatal prostate cancer.’ Clearly, more pro- 
spective studies as well as clinical trials are need- 
ed to understand whether selenium status is 
linked to prostate cancer. 


Human intervention trials. An intervention trial 
of selenium supplementation was undertaken 
among a general population of 130471 individu- 
als in five townships of Quidong, China, a high- 
tisk area for viral hepatitis B infection and liver 
cancer. This trial provided table salt enriched 
with sodium selenite to the population of one 
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township (20 847 people), using the other four 
townships as controls. During an 8-year follow- 
up period, the average incidence of liver cancer 
was reduced by 35% in the selenium-enriched 
population, while no reduction was found in the 
control populations. In a clinical trial in the same 
region, 226 individuals with evidence of chronic 
hepatitis B infection were supplemented with ei- 
ther 200 ug selenium in the form of a selenium- 
enriched yeast tablet or a placebo yeast tablet 
daily. During the 4-year follow-up period, seven 
of 113 individuals on the placebo developed pri- 
mary liver cancer, whereas none of the 113 indi- 
viduals supplemented with selenium developed 
liver cancer.36 

In the United States, a double-blind, placebo- 
controlled study of more than 1300 older adults 
with a history of nonmelanoma skin cancer 
found that supplementation with 200 g/day of 
selenium-enriched yeast for an average of 7.4 
years was associated with a 49% decrease in pros- 
tate cancer incidence in men.?” The protective ef- 
fect of selenium supplementation was greatest in 
men with lower baseline plasma selenium and 
prostate-specific antigen levels. Surprisingly, the 
most recent results from this study indicate that 
selenium supplementation increased the risk of 
one type of skin cancer (squamous cell carcino- 
ma) by 25%,38 but did not significantly decrease 
the risk of lung cancer.’ Although selenium sup- 
plementation shows promise for the prevention 
of prostate cancer, its effects on the risk for other 
types of cancer are unclear. In response to the 
need to confirm these findings, several large pla- 
cebo-controlled trials designed to further inves- 
tigate the role of selenium supplementation in 
prostate cancer prevention are currently under 
way.?440.41 However, a large, randomized, place- 
bo-controlled intervention study using selenium 
and vitamin E supplementation (i.e., the Seleni- 
um and Vitamin E Cancer Prevention Trial or SE- 
LECT study) was recently halted because there 
was no evidence of benefit in preventing prostate 
cancer.** After 5.5 years of follow-up in the SE- 
LECT study, selenium supplementation (200 ug/ 
day), alone or when co-supplemented with vita- 
min E, did not alter the risk for prostate, lung, or 
colorectal cancer.®” 


Possible mechanisms. Several mechanisms have 
been proposed for the cancer prevention effects 
of selenium: 


* maximizing the activity of antioxidant seleno- 
enzymes and improving antioxidant status 

e improving immune system function 

e affecting the metabolism of carcinogens 

* increasing the levels of selenium metabolites 
that inhibit tumor cell growth 

e influence of selenium on apoptosis 

e influence of selenium on DNA repair 

e selenium as an antiangiogenic agent 


A two-stage model has been proposed to explain 
the different anticarcinogenic activities of sele- 
nium at different doses. At nutritional or physio- 
logical doses (about 40-100 ug/day in adults), 
selenium maximizes antioxidant selenoenzyme 
activity, probably enhances immune system 
function, and may affect carcinogen metabolism. 
At supranutritional or pharmacological levels 
(approximately 200-300 g/day in adults), the 
formation of selenium metabolites, especially 
methylated forms of selenium, may also exert an- 
ticarcinogenic effects.2?3 


Cardiovascular Diseases 


Theoretically, optimizing selenoenzyme activity 
could decrease the risk of cardiovascular disease 
by decreasing lipid peroxidation and influencing 
the metabolism of cell-signaling molecules 
known as prostaglandins. However, prospective 
studies in humans have not demonstrated strong 
support for the cardioprotective effects of sele- 
nium. Although one study found a significant in- 
crease in illness and death from cardiovascular 
disease in individuals with serum selenium lev- 
els below 45ug/L compared to matched pairs 
with levels above 45 yg/L,*? another study, using 
the same cutoff points for serum selenium, found 
a significant difference only in deaths from 
stroke.*4 One study in middle-aged and elderly 
Danish men found an increased risk of cardiovas- 
cular disease in men with serum selenium levels 
below 79 ug/L,® but several other studies found 
no clear inverse association between selenium 
nutritional status and cardiovascular disease 
risk. In a multicenter study in Europe, toenail 
selenium levels and risk of myocardial infarction 
(heart attack) were associated in the center only 
where selenium levels were the lowest.“ Al- 
though some epidemiological evidence suggests 
that low levels of selenium (lower than those 
commonly found in the United States) may in- 


Sources 


crease the risk of cardiovascular diseases, defini- 
tive evidence about the role of selenium in pre- 
venting cardiovascular diseases will require con- 
trolled clinical trials. 


Type 2 Diabetes Mellitus 


Only a few studies have examined whether sele- 
nium status influences risk for type 2 diabetes 
mellitus and the results are conflicting. One 
study found lower toenail selenium levels in men 
with type 2 diabetes than in non-diabetic men;“8 
in contrast, another study reported higher serum 
selenium levels in people with type 2 diabetes.*9 
A recent, randomized, double-blind, placebo- 
controlled study in 1202 men and women par- 
ticipating in the Nutritional Prevention of Cancer 
trial found that selenium supplementation 
(200p1g/day, mean follow-up 7.7 years) was 
linked to an increase in prevalence of type 2 dia- 
betes.°° In the SELECT study, selenium supple- 
mentation (200g/day, median follow-up 5.5 
years) was associated with a statistically nonsig- 
nificant increased risk of type 2 diabetes.°” 


Disease Treatment 
HIV/AIDS 


There appears to be a unique interaction be- 
tween selenium and the human immunodefi- 
ciency virus (HIV) that causes acquired immune 
deficiency syndrome (AIDS). Declining selenium 
levels in HIV-infected individuals are sensitive 
markers of disease progression and severity, even 
before malnutrition becomes a factor. Low levels 
of plasma selenium have also been associated 
with a significantly increased risk of death from 
HIV. Adequate selenium nutritional status may 
increase resistance to HIV infection by enhancing 
the function of important immune system cells 
known as T cells and modifying their production 
of intracellular messengers known as cyto- 
kines.2°51 In HIV infection, increased oxidative 
stress appears to favor viral replication, possibly 
by activating specific transcription pathways. As 
an integral component of GPx and thioredoxin 
reductase, selenium plays an important role in 
decreasing oxidative stress in HIV-infected cells 
and possibly suppressing the rate of HIV replica- 
tion.*! Recent research indicates that HIV may be 
capable of incorporating host selenium into viral 


selenoproteins that have GPx activity. Although 
the significance of these findings requires further 
clarification, they suggest that both the human 
immune system and the activity of the virus are 
affected by selenium nutritional status.5!~3 

Only a few trials of selenium supplementation 
in HIV-infected individuals have been published. 
Two uncontrolled trials of selenium supplemen- 
tation (one using 400ug/day of selenium-en- 
riched yeast and the other using 80 ug/day of 
sodium selenite plus 25 mg/day of vitamin C) 
reported subjective improvement but did not 
demonstrate any improvement in biological pa- 
rameters related to AIDS progression.’ Another 
trial followed 15 HIV-infected patients supple- 
mented with 100pg/day of sodium selenite and 
22 unsupplemented patients for 1 year and found 
that selenium-supplemented patients had evi- 
dence of decreased oxidative stress and signifi- 
cant reductions in a biological marker of immu- 
nological activation and HIV progression. How- 
ever, there were no differences in the CD4T-cell 
count (an important biological marker of the 
progress of HIV infection) or mortality between 
the supplemented and unsupplemented pa- 
tients.°>°° A randomized controlled trial in 186 
HIV-positive men and women found that seleni- 
um supplementation at 200pg/day for 2 years 
significantly decreased hospitalization rates.” A 
recent, randomized, double-blind, placebo-con- 
trolled trial in 174 HIV-1-positive individuals re- 
ported that selenium supplementation (200 pg/ 
day of selenium-enriched yeast) for 9 months 
was associated with increased serum selenium 
concentrations, increased CD4T-cell counts, and 
no progression of the HIV-1 viral load.°® 


Sources 


Food Sources 


The richest food sources of selenium are organ 
meats and seafood, followed by muscle meats. In 
general, there is wide variation in the selenium 
content of plants and grains because plants do 
not appear to require selenium. Thus, the incor- 
poration of selenium into plant proteins is de- 
pendent only on soil selenium content. Brazil 
nuts grown in areas of Brazil with selenium-rich 
soil may provide more than 100g selenium in 
one nut, whereas those grown in selenium-poor 
soil may provide 10 times less.” In the United 
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Table 25.2 Food sources of selenium 


Food Serving Selenium (yg) 
Brazil nuts (from 1 ounce 544? 
selenium-tich soil) (6 kernels) 
Crab meat 3 ounces? 41 
Salmon 3 ounces? 40 
Halibut 3 ounces? 40 
Noodles, enriched 1 cup, cooked 38 
Pork 3 ounces? 35 
Shrimp 3 ounces? 34 
(10-12) 
Whole-wheat bread 2 slices 23 
Rice, brown 1 cup, cooked 19 
Beef 3 ounces? 16 
Chicken (light 3 ounces? 13 
meat) 
Milk, skimmed 8 ounces 5 
(1 cup) 
Walnuts, black 1 ounce, 5 
shelled 


Above the tolerable upper intake level of 400 ug/day. 
>A 3-ounce serving of meat or seafood is about the size 
of a deck of cards. 


States, grains are a good source of selenium, but 
fruit and vegetables tend to be relatively poor 
sources. In general, drinking water is not a sig- 
nificant source of selenium in North America. 
The average dietary intake of adults in the United 
States has been found to range from about 80 ug/ 
day to 110 pg/day. As a result of food distribution 
patterns in the United States, people living in 
areas with low soil selenium avoid deficiency 
because they eat foods produced in areas with 
higher soil selenium.'''> Table 25.2 lists some 
good food sources of selenium and their seleni- 
um content. 


Supplements 


Selenium supplements are available in several 
forms. Sodium selenite and sodium selenate are 
inorganic forms of selenium. Selenate is almost 
completely absorbed, but a significant amount is 
excreted in the urine before it can be incorporat- 
ed into proteins. Selenite is only about 50% ab- 
sorbed but is better retained than selenate once it 
is absorbed. Selenomethionine, an organic form 
of selenium that occurs naturally in foods, is 


about 90% absorbed.'> Selenomethionine and se- 
lenium-enriched yeast, which mainly supply 
selenomethionine, are also available as supple- 
ments. The consumer should be aware that some 
forms of selenium yeast on the market contain 
yeast plus mainly inorganic forms of selenium. 
Both inorganic and organic forms of selenium 
can be metabolized to selenocysteine by the body 
and incorporated into selenoenzymes. 


Selenium-enriched Vegetables 


Selenium-enriched garlic, broccoli, onions, and 
ramps (wild leeks) have been shown to reduce 
chemically induced tumors in rats.?48162 Seleni- 
um-enriched vegetables are of interest to scien- 
tists because some of the forms of selenium that 
they produce (e.g., methylated forms of seleni- 
um) may be more potent inhibitors of tumor for- 
mation than the forms currently available in 
supplements. 


Safety 
Toxicity 


Although selenium is required for health, similar 
to other nutrients, high doses of selenium can be 
toxic. Acute and fatal toxicities have occurred 
with accidental or suicidal ingestion of gram 
quantities of selenium. Clinically significant sele- 
nium toxicity was reported in 13 individuals af- 
ter taking supplements that contained 27.3 mg 
(27300 pg) per tablet due to a manufacturing er- 
ror. Chronic selenium toxicity (selenosis) may oc 
cur with smaller doses of selenium over long pe- 
riods of time. The most frequently reported 
symptoms of selenosis are hair and nail brittle- 
ness and loss. Other symptoms may include gas- 
trointestinal disturbances, skin rashes, a garlic 
breath odor, fatigue, irritability, and nervous sys- 
tem abnormalities. In an area of China with a 
high prevalence of selenosis, toxic effects oc 
curred with increasing frequency when blood 
selenium concentrations reached a level corre- 
sponding to an intake of 850 g/day. The FNB set 
the tolerable upper intake level (UL) for selenium 
at 400 pg/day in adults based on the prevention 
of hair and nail brittleness and loss and early 
signs of chronic selenium toxicity (Table 25.3).'5 
The UL of 400 pg/day for adults includes seleni- 
um obtained from food, which averages about 
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Table 25.3 Tolerable upper intake level (UL) for selenium 


Life stage Age UL (g/day) 
Infants 0-6 months 45 

Infants 6-12 months 60 

Children 1-3 years 90 

Children 4-8 years 150 
Children 9-13 years 280 
Adolescents 14-18 years 400 

Adults 219 years 400 


100 ug/day for adults in the United States, as well 
as selenium from supplements. 


Drug Interactions 


At present, few interactions between selenium 
and medications are known. The anticonvul- 
sant medication valproic acid has been found to 
decrease plasma selenium levels. Animal studies 
have found that supplemental sodium selenite 
decreases the toxicities of the antibiotic nitrofu- 
rantoin and the herbicide paraquat. 


Antioxidant supplements and HMG-CoA reduc 
tase inhibitors (statins). A 3-year randomized 
controlled trial in 160 patients with documented 
coronary heart disease and low high-density li- 
poprotein (HDL) levels found that a combination 
of simvastatin and niacin increased HDL2 levels, 
inhibited the progression of coronary artery ste- 
nosis (narrowing), and decreased the frequency 
of cardiovascular events, including myocardial 
infarction (heart attack) and stroke.® Surpris- 
ingly, when an antioxidant combination (1000 mg 
vitamin C, 800 IU a-tocopherol, 100 pg selenium, 
and 25 mg B-carotene daily) was taken with the 
simvastatin—-niacin combination, the protective 
effects were diminished. Although the individual 
contribution of selenium to this effect cannot be 
determined, these findings highlight the need for 
further research on potential interactions be- 
tween antioxidant supplements and cholesterol- 
lowering agents such as hydroxymethylglutaryl 
coenzyme A (HMG-CoA) reductase inhibitors 
(statins). 


LPI Recommendation 


The average American diet is estimated to provide 
about 100 g/day of selenium, an amount that is well 
above the current RDA (55 g/day) and appears suffi- 
cient to maximize plasma and cellular glutathione per- 
oxidase activity. Although the amount of selenium in 
multivitamin/mineral supplements varies considerably, 
such supplements rarely provide more than the daily 
value (DV) of 70 ug. Eating a varied diet and taking a 
daily multivitamin supplement should provide suffi- 
cient selenium for most people in the United States. 


Men 

A controlled trial that examined the effect of selenium 
supplementation on cancer risk in a well-nourished 
population found that 200 g/day of supplemental se- 
lenium significantly decreased the risk of prostate can- 
cer in men by 49%.3” However, the risk of one type of 
skin cancer was increased by 25%.38 Although mortality 
from prostate cancer is considerably higher than mor- 
tality from squamous cell cancer of the skin, these find- 
ings suggest that the overall effects of selenium supple- 
mentation on cancer risk are not yet clear enough to 
support a general recommendation for an extra seleni- 
um supplement. More recently, a much larger, random- 
ized, placebo-controlled intervention study, the SELECT 
study, found that 200 yg/day of selenium did not alter 
risk of prostate cancer.°? Men taking supplemental sele- 
nium in order to reduce the risk of prostate cancer 
should not exceed 200 ug/day and should take precau- 
tions to reduce the risk of squamous cell carcinoma, 
such as using sunscreen and avoiding prolonged sun 
exposure, 


Women 

Because there is no evidence that selenium supplemen- 
tation decreases the risk of cancer in women who are 
not selenium deficient, there is no reason for women to 
take an extra selenium supplement. However, animal 
studies suggest that mammary tumors are significantly 
reduced by selenium,® and the two human trials cur- 
rently under way should yield more definitive informa- 
tion on this relationship in women.” 


Older Adults 

Because aging has not been associated with significant 
changes in the requirement for selenium, the Linus 
Pauling Institute recommendation for selenium is the 
same for older men and women. 
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Salt (sodium chloride) is essential for life. The 
tight regulation of the body’s sodium and chlo- 
ride concentrations is so important that multiple 
mechanisms work in concert to control them. Al- 
though scientists agree that a minimal amount of 
salt is required for survival, the health implica- 
tions of excess salt intake represent an area of 
continued investigation among scientists, clini- 
cians, and public health experts.! 


Function 


Sodium (Na*) and chloride (CI-) are the principal 
ions in the fluid outside cells (extracellular fluid), 
which includes blood plasma. As such, they play 
critical roles in a number of life-sustaining pro- 
cesses. 


Maintenance of Membrane Potential 


Sodium and chloride are electrolytes that con- 
tribute to the maintenance of concentration and 
charge differences across cell membranes. Potas- 


Extracellular fluid 


Cell 
membrane 


Intracellular fluid 


Fig. 26.1 A model of the Na*/K* ATPase pump. The con- 
centration differences between potassium (K*) and sodi- 
um (Na*) across cell membranes create an electrochemi- 
cal gradient known as the membrane potential. Adenos- 


s 


sium is the principal positively charged ion (cat- 
ion) inside cells, whereas sodium is the principal 
cation in extracellular fluid. Potassium concen- 
trations are about 30 times higher inside than 
outside cells, while sodium concentrations are 
more than 10 times lower inside than outside 
cells. The concentration differences between po- 
tassium and sodium across cell membranes cre- 
ate an electrochemical gradient known as the 
membrane potential. A cell's membrane potential 
is maintained by ion pumps in the cell mem- 
brane, especially the Na*/K* ATPase pumps. These 
pumps use ATP (energy) to pump sodium out of 
the cell in exchange for potassium (Fig. 26.1). 
Their activity has been estimated to account for 
20%-40% of the resting energy expenditure in a 
typical adult. The large proportion of energy 
dedicated to maintaining sodium/potassium 
concentration gradients emphasizes the impor- 
tance of this function in sustaining life. Tight con- 
trol of cell membrane potential is critical for 
nerve impulse transmission, muscle contraction, 
and cardiac function.*+ 


Sodium (Na+): 145 mmol/L 


Potassium (K+): 4 mmol/L 


Cell 
membrane 


Potassium (K+): 150 mmol/L 
Sodium (Na*): 12 mmol/L 


ine triphosphate (ATP) provides the energy to pump three 
Na* ions out of the cell in exchange for two K+ ions, thus 
maintaining the membrane potential. 


Nutrient Absorption and Transport 


Absorption of sodium in the small intestine plays 
an important role in the absorption of chloride, 
amino acids, glucose, and water. Similar mecha- 
nisms are involved in the reabsorption of these 
nutrients after they have been filtered from the 
blood by the kidneys. Chloride, in the form of hy- 
drochloric acid (HCI), is also an important com- 
ponent of gastric juice, which helps the digestion 
and absorption of many nutrients.2° 


Maintenance of Blood Volume and 
Blood Pressure 


As sodium is the primary determinant of extra- 
cellular fluid volume, including blood volume, a 
number of physiological mechanisms that regu- 
late blood volume and blood pressure work by 
adjusting the body's sodium content. In the cir- 
culatory system, pressure receptors (barorecep- 
tors) sense changes in blood pressure and send 
excitatory or inhibitory signals to the nervous 
system and/or endocrine glands to affect sodium 
regulation by the kidneys. In general, sodium re- 
tention results in water retention and sodium 
loss results in water loss.4° Below are descrip- 
tions of two of the many systems that affect 
blood volume and blood pressure through sodi- 
um regulation. 


Renin-angiotensin-aldosterone system. In re- 
sponse to a significant decrease in blood volume 
or pressure (e.g., serious blood loss or dehydra- 
tion), the kidneys release renin into the circula- 
tion. Renin is an enzyme that splits a small pep- 
tide (angiotensin |) from a larger protein (angio- 
tensinogen) produced by the liver. Angiotensin | 
is split into a smaller peptide (angiotensin II) by 
angiotensin-converting enzyme (ACE), an en- 
zyme present on the inner surface of blood ves- 
sels and in the lungs, liver, and kidneys. Angio- 
tensin II stimulates the constriction of small ar- 
teries, resulting in increased blood pressure. It is 
also a potent stimulator of aldosterone synthesis 
by the adrenal glands. Aldosterone is a steroid 
hormone that acts on the kidneys to increase the 
reabsorption of sodium and the excretion of po- 
tassium. Retention of sodium by the kidneys in- 
creases the retention of water, resulting in in- 
creased blood volume and blood pressure.* 


Deficiency 


Antidiuretic hormone. Secretion of antidiuretic 
hormone (ADH) by the posterior pituitary gland 
is stimulated by a significant decrease in blood 
volume or pressure. ADH acts on the kidneys to 
increase the reabsorption of water.* 


Deficiency 


Sodium (and chloride) deficiency does not gener- 
ally result from inadequate dietary intake, even 
in those on very low-salt diets.° 


Hyponatremia 


Hyponatremia, defined as a serum sodium con- 
centration of less than 136 mmol/L, may result 
from increased fluid retention (dilutional hypo- 
natremia) or increased sodium loss. Dilutional 
hyponatremia may be due to inappropriate ADH 
secretion, which is associated with disorders af- 
fecting the central nervous system and with use 
of certain drugs. In some cases, excessive water 
intake may also lead to dilutional hyponatremia. 
Conditions that increase the loss of sodium and 
chloride include severe or prolonged vomiting or 
diarrhea, excessive and persistent sweating, the 
use of some diuretics, and some forms of kidney 
disease. Symptoms of hyponatremia include 
headache, nausea, vomiting, muscle cramps, fa- 
tigue, disorientation, and fainting. Complications 
of severe and rapidly developing hyponatremia 
may include cerebral edema (swelling of the 
brain), seizures, coma, and brain damage. Acute 
or severe hyponatremia may be fatal without 
prompt and appropriate medical treatment.® 


Prolonged endurance exercise and hyponatre- 
mia. Hyponatremia has recently been recog- 
nized as a potential problem in individuals com- 
peting in very long endurance exercise events, 
such as marathons, ultramarathons, and ironman 
triathlons. In 1997, 25 of 650 participants in an 
ironman triathlon (almost 4%) received medical 
attention for hyponatremia.’ Participants who 
developed hyponatremia during an ironman tri- 
athlon had evidence of fluid overload despite 
relatively modest fluid intakes, suggesting that 
fluid excretion was inadequate and/or the fluid 
needs of these ultradistance athletes may be less 
than currently recommended. It has been spec 
ulated that the use of nonsteroidal anti-inflam- 
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Table 26.1 Adequate intake (Al) for sodium, with estimated sodium chloride (salt) equivalence 


Males and females 


Life stage Age Sodium (g/day) Salt (g/day) 
Infants 0-6 months 0.12 ` 0.30 
Infants 7-12 months 0.37 0.93 
Children 1-3 years 1.0 2.5 
Children 4-8 years 1.2 3.0 
Children 9-13 years 1.5 3.8 
Adolescents 14-18 years S 3.8 
Adults 19-50 years 1.5 3.8 
Adults 51-70 years 1.3 3.3 
Adults 271 years 1.2 3.0 
Pregnancy All ages Ted 3.8 
Breast-feeding All ages 1.5 3.8 


matory drugs (NSAIDs) may increase the risk of 
exercise-related hyponatremia by impairing wa- 
ter excretion,’ but firm evidence is currently 
lacking. 


Adequate Intake for Sodium 


In 2004, the Food and Nutrition Board (FNB) of 
the Institute of Medicine established an adequate 
intake (AI) for sodium based on the amount 
needed to replace losses through sweat in mod- 
erately active people and to achieve a diet that 
provides sufficient amounts of other essential 
nutrients (Table 26.1).° This recommended in- 
take is well below the average dietary intakes of 
most people in the United States. 


Disease Prevention (Dietary 
Sodium and Disease) 


Gastric Cancer 


Epidemiological studies, conducted mainly in 
Asian countries, indicate that high intakes of salt- 
ed, smoked, and pickled foods increase the risk of 
gastric cancer.!©!! Although these foods are high 
in salt, they may also contain carcinogens, such 
as nitrosamines. In addition, populations with 
high intakes of salted foods tend to have low in- 
takes of fruit and vegetables, which protect 
against gastric cancer.!* The risk of developing 
stomach cancer is increased by chronic inflam- 


mation of the stomach and infection by the bac 
terium, Helicobacter pylori. High concentrations 
of salt may damage the cells lining the stomach, 
potentially increasing the risk of H. pylori infec- 
tion and cancer-promoting genetic damage. Al- 
though there is little evidence that salt itself is a 
carcinogen, high intakes of certain salted foods, 
such as salted fish, may increase the risk of gas- 
tric cancer in susceptible individuals.1!.13-14 


Osteoporosis 


Osteoporosis is a multifactorial skeletal disorder 
in which bone strength is compromised, result- 
ing in an increased risk of fracture. Nutrition is 
one of many factors contributing to the develop- 
ment and progression of osteoporosis. Increased 
salt intake has been found to increase urinary 
excretion of calcium. Each 2.3 g increment of so- 
dium (5.8 g salt) excreted by the kidneys draws 
about 24-40 mg calcium into the urine.'> Salt in- 
take has been associated with biochemical mark- 
ers of bone resorption in some studies but not in 
others. In general, cross-sectional studies have 
not found an association between sodium intake 
and bone mineral density (BMD).'° However, a 
2-year study of postmenopausal women found 
that increased urinary sodium excretion (an indi- 
cator of increased sodium intake) was associated 
with decreased BMD at the hip.'” More recently, 
a longitudinal study in 40 postmenopausal 
women found that adherence to a low sodium 
diet (2 g/day) for 6 months was associated with 


significant reductions in sodium excretion, calci- 
um excretion, and the amino-terminal propep- 
tide of type | collagen, a biomarker of bone re- 
sorption. However, these associations were ob- 
served only in women with baseline urinary so- 
dium excretions of 3.4g/day or more (i.e, the 
mean sodium intake for the US adult popula- 
tion).'® Long-term prospective studies are need- 
ed to determine whether decreasing salt intake 
has clinically significant effects on BMD and frac- 
ture risk in individuals at risk for osteoporosis. 
For more information on osteoporosis, see Chap- 
ter 14. 


Kidney Stones 


Most kidney stones contain calcium as a main 
constituent. Although their cause is often un- 
known, abnormally elevated urinary calcium 
(hypercalciuria) increases the risk of developing 
calcium stones.’ Increased dietary salt has been 
found to increase urinary calcium excretion, and 
this effect may be more pronounced in patients 
with a history of calcium-containing kidney 
stones.?° A large prospective study that followed 
more than 90000 women over a 12-year period 
found that women with a sodium intake averag- 
ing 4.9 g/day (12.6 g/day of salt) had a 30% higher 
risk of developing symptomatic kidney stones 
than women whose sodium intake averaged 
1.5 g/day (4.0 g/day of salt)?! However, a similar 
study in men did not find an association between 
sodium intake and symptomatic kidney stones.” 
Clinical studies have shown that salt restriction 
reduces urinary calcium in individuals with a 
tendency to form calcium stones,” and a 5-year 
randomized trial of two different diets in men 
with recurrent calcium oxalate stones found that 
a diet low in salt and animal protein significantly 
decreased stone recurrence compared with a 
low-calcium diet.”4 


Hypertension 


Several lines of research, conducted over several 
decades, have suggested that sodium intake is 
causally related to blood pressure. Animal stud- 
ies have provided much information on the phys- 
iology of this relationship. Of particular impor- 
tance, a key animal experiment conducted in 26 
adult chimpanzees, a species closely related to 
humans, showed that blood pressure levels rose 


Disease Prevention (Dietary Sodium and Disease) 


and fell as a result of experimentally induced 
high and low levels of sodium, providing strong 
evidence that higher sodium intake causes blood 
pressure to increase and reduced intake causes it 
to decrease.” 

In human studies, cross-cultural population 
studies comparing cultures with very low salt in- 
takes to those with high intakes, and observa- 
tional studies, most of which were cross-section- 
al, have suggested that increased salt consump- 
tion is associated with higher blood pressure. 
However, populations in cross-cultural studies 
may differ in a number of other ways that could 
affect blood pressure, and observational studies 
have varied in their ability to control for con- 
founding factors.” The largest and most rigor- 
ously designed observational study of sodium 
and blood pressure was INTERSALT, which 
studied more than 10000 men and women in 
32 countries. Both cross-population and within- 
population analyses supported the same conclu- 
sions, that sodium intake, measured by 24-hour 
urine collections, was associated with blood 
pressure.” Subsequent analyses that used more 
sophisticated statistical techniques made the re- 
lationships even stronger than previously report- 
ed.28 


Clinical trials and meta-analyses. Many random- 
ized clinical trials have examined the effect of 
dietary salt reduction on blood pressure in hy- 
pertensive and nonhypertensive people (please 
note that nonhypertensive does not necessarily 
mean normotensive [normal blood pressure] be- 
cause the nonhypertensive blood pressure range 
could encompass what is now called prehyper- 
tensive). Several investigators have used a tech- 
nique called meta-analysis to analyze the pooled 
data from many different trials to estimate the 
magnitude of the effect of dietary salt reduction 
on blood pressure.”°-*4 Estimates of the magni- 
tude of the effect of dietary salt reduction on 
blood pressure did not differ substantially among 
the analyses, although the number and types of 
trials that were included in the various meta- 
analyses differed substantially. The Cochrane 
meta-analysis assessed the results of modest salt 
reduction from 20 trials in participants with high 
blood pressure and 11 trials in participants with- 
out high blood pressure. Modest salt reduction 
(by 1.7-1.8 g/day of sodium, based on 24-hour 
urinary sodium excretions) decreased systolic 
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and diastolic blood pressure by an average of 
5.1/2.7 mmHg in participants with hypertension 
and 2.0/1.0 mmHg in participants without hy- 
pertension.*4 

Of particular importance are the results of 
two large, long-term trials (more than 2 years in 
duration) that are the most relevant to clinical 
and public health practice, called TONE” and 
TOHP-Phase II.26 TONE showed that modest re- 
duction in sodium intake by about 1.0 g/day re- 
sulted in better control of hypertension in older 
adults who initially were on blood pressure med- 
ication. TOHP-Phase II (the second of two hyper- 
tension prevention trials) showed that a similar 
level of sodium reduction not only reduced sys- 
tolicand diastolic blood pressure by 1.2/1.6 mmHg 
in overweight participants who did not have hy- 
pertension, but also reduced the onset of hyper- 
tension by 14% after 4 years. Although some 
clinicians have questioned the value of modest 
blood pressure reductions in hypertensive pa- 
tients, overviews of observational studies and 
randomized trials suggest that reducing diastolic 
blood pressure by an average of 2 mmHg in the 
US population would reduce the prevalence of 
hypertension by 17%, the risk of a heart attack by 
5%, and the risk of stroke by 15%.?” Thus, modest 
mean reductions in blood pressure may translate 
into significant public health benefits for the 
overall US population. 


Salt sensitivity (variation in response to dietary 
sodium changes). There is a considerable litera- 
ture on variation in response of blood pressure to 
short-term changes in sodium intake.3®39 How- 
ever, classifying individuals based on their blood 
pressure response to salt changes, usually from 
an experimental protocol conducted just once, is 
extremely problematic. Similar to most physio- 
logical responses, there is a continuous, approxi- 
mately normal distribution of responses of blood 
pressure to changes in salt intake.*° There is also 
variation in blood pressure from day to day, even 
when there is no change in diet.*° The classifica- 
tion of individuals as salt sensitive or salt resis- 
tant has thus far not been based on population 
samples and has not yet been shown to be highly 
reproducible over time. In addition, most of the 
protocols used in “salt sensitivity” studies in- 
volved extreme manipulations of sodium intake 
(sodium loading and sodium depletion) over a 
short time span of a few days or up to a week. 


There is no evidence that these very short-term 
studies have relevance to blood pressure changes 
occurring from long-term, gradual, and moderate 
changes in salt intake. 

Nevertheless, it is well known that certain 
subgroups of the population tend to have greater 
average blood pressure responses to changes in 
sodium intake. These include people who already 
have hypertension, older individuals, and Afri- 
can-American individuals.*! Research examining 
a genetic basis for salt sensitivity may eventually 
lead to better and more reliable classification of 
individuals for salt sensitivity. Common varia- 
tions in specific genes, known as polymorphisms, 
are currently under investigation and include 
those of genes with products that function prom- 
inently in the renin~angiotensin-aldosterone 
system.* In addition, diet quality (e.g., the DASH 
diet—see below) and weight loss reduce blood 
pressure.*3-45 Thus, environmental influences, in 
addition to genetic factors, likely contribute to 
salt sensitivity. 


Dietary patterns and blood pressure (the DASH 
trials). A multicenter, randomized feeding study, 
called the Dietary Approaches to Stop Hyperten- 
sion (DASH) trial, demonstrated that a diet em- 
phasizing fruit, vegetables, whole grains, poultry, 
fish, nuts, and low-fat dairy products substan- 
tially lowered blood pressure in hypertensive 
(systolic BP/diastolic BP: 11.4/5.5mmHg) and 
normotensive people (3.5/2.1 mmHg) compared 
with a typical US diet.4° The DASH diet was mark- 
edly higher in potassium and calcium, modestly 
higher in protein, and lower in total fat, saturated 
fat, and cholesterol than the typical US diet. How- 
ever, sodium levels were kept constant through- 
out the study in order to better evaluate the ef- 
fects of other dietary components. Subsequently, 
the DASH-sodium trial compared the DASH diet 
with a typical US (control) diet at three levels of 
salt intake: low (2.9 g/day), medium (5.8 g/day— 
recommended as an upper limit by US dietary 
guidelines), and high (8.7 g/day—typical US in- 
take).47 

The DASH diet significantly lowered systolic 
and diastolic blood pressures in hypertensive and 
normotensive people at each level of salt intake 
compared with the control diet. Reduction of salt 
intake resulted in an additional lowering of sys- 
tolic and diastolic blood pressures. The combina- 
tion of the DASH diet and reduced salt intake 
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lowered blood pressure more than either inter- 
vention alone. Compared with the high-salt con- 
trol diet, average blood pressure on the low-sodi- 
um DASH diet was decreased 8.9/4.5 mmHg. The 
effect of salt reduction was greater in the control 
diet than in the DASH diet, suggesting that salt 
reduction may be more beneficial in those who 
consume typical US diets. The results of the 
DASH trials support the idea that healthy dietary 
patterns offer an effective approach to the pre- 
vention and treatment of hypertension.*? Fur- 
thermore, a prospective cohort study in 88517 
middle-aged women followed for 24 years found 
that adherence to a DASH-style diet significantly 
lowered risk for coronary heart disease and 
stroke.*9 

The National High Blood Pressure Education 
Program and the National Heart, Lung, and Blood 
Institute of the National Institutes of Health 
(NIH) recommend consuming no more than 6¢/ 
day of salt,°° and the FNB recently recommended 
that adults consume no more than 5.8 g/day of 
salt.” 


Target organ damage. Chronic hypertension 
damages the heart, blood vessels, and kidneys, 
thereby increasing the risk of heart disease and 
stroke, as well as hypertensive kidney disease. In 
a number of clinical studies, salt intake correlat- 
ed significantly with left ventricular hypertro- 
phy, an abnormal thickening of the heart muscle, 
which is associated with increased mortality 
from cardiovascular diseases.°! Research indi- 
cates that a high salt intake may contribute to 
organ damage in ways that are independent of its 
effects on blood pressure.**-°4 For example, stud- 
ies in animals and humans have found increased 
salt intake to be associated with pathological 
changes in the structure and function of large 
elastic arteries that are independent of changes 
in blood pressure.” 


Cardiovascular Diseases 


Only a few studies have investigated the effects of 
sodium reduction on cardiovascular disease and 
on mortality, with mixed results.°°®! In general, 
the studies suggest a direct association, particu- 
larly the studies that used urinary sodium as a 
measure of sodium intake.5®->8 In the TONE study, 
there was a trend toward reduced cardiovascular 
disease in participants assigned to the sodium 


reduction intervention.*> Importantly, a recent 
study found that participants initially without 
hypertension, who were enrolled in the sodium 
interventions in the two previous TOHP trials, 
had a 25% reduction in cardiovascular events 
10-15 years later compared with the control 
groups.®* Subsequent analyses from this TOHP 
follow-up study showed that the sodium: potas- 
sium ratio was associated with increased risk of 
cardiovascular disease in a dose-response rela- 
tionship,°? providing complementary evidence 
for the adverse association between salt intake 
and cardiovascular disease. 


Sources 


Most of the sodium and chloride in the diet 
comes from salt. It has been estimated that 75% 
of the salt intake in the United States is derived 
from salt added during food processing or manu- 
facturing, rather than from salt added at the table 
or during cooking. The lowest salt intakes are as- 
sociated with diets that emphasize unprocessed 
foods, especially fruit, vegetables, and legumes. 
Recent surveys have found that the average di- 
etary salt intake in the United States is 7.8-11.8 ¢/ 
day for men and 5.8-7.8 g/day for women.’ These 
figures could be underestimations because they 
did not include salt added to food at the table. 

Table 26.2 lists the sodium content of some 
foods that are high in salt, and Table 26.3 lists the 
sodium content of some foods that are relatively 
low in salt. Since most of the sodium and chloride 
intake comes from salt, dietary salt content can 
be estimated by multiplying sodium content by 
DED: 

2000 mg sodium x 2.5=5000 mg (5 g) salt. 


Safety 
Toxicity 


Excessive intakes of sodium chloride lead to an 
increase in extracellular fluid volume as water is 
pulled from cells to maintain normal sodium 
concentrations. However, as long as water needs 
can be met, normally functioning kidneys can ex- 
crete the excess sodium and restore the system to 
normal.°° Ingestion of large amounts of salt may 
lead to nausea, vomiting, diarrhea, and abdomi- 
nal cramps.°* Abnormally high plasma sodium 
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Table 26.2 Foods that are high in salt 


Food Serving Sodium (mg) Salt (mg) 
Canned, chicken noodle soup 1 cup 1400 3400 
Macaroni and cheese, canned 1 cup 1300 3300 
Potato chips, salted 8 ounces (1 bag) 1200 3000 
Ham 3 ounces 1000 2500 
Corned beef hash 1 cup 1000 2500 
Pretzels, salted 2 ounces (10 pretzels) 1000 2500 
Fish sandwich with tartar sauce and cheese 1 sandwich 940 2400 
Tomato juice, canned (salt added) 1 cup (8 fluid ounces) 650 1600 
Hot dog (beef) 1 510 1300 
Bread, white 2 slices 340 850 
Dill pickle 1 spear 300 800 
Cereal, bran flakes 1 cup 293 733 
Cereal, corn flakes 1 cup 266 665 
Bread, whole-wheat 2 slices 264 660 
Table 26.3 Foods that are low in salt 
Food Serving Sodium (mg) Salt (mg) 
Olive oil 1 tablespoon 0 0 
Orange juice (frozen) 1 cup (8 fluid ounces) 0 0 
Popcorn, air-popped (unsalted) 1 cup 1 3 
Almonds (unsalted) 1 cup 1 3 
Pear, raw 1 medium 2 5 
Mango 1 fruit 4 10 
Tomato 1 medium 6 15 
Fruit cocktail, canned 1 cup 9 23 
Brown rice 1 cup, cooked 10 25 
Potato chips, unsalted 8 ounces (1 bag) 18 45 
Tomato juice, canned (no salt added) 1 cup (8 fluid ounces) 24 60 
Carrot 1 medium 42 105 


concentrations (hypernatremia) generally devel- 
op from excess water loss, frequently accompa- 
nied by an impaired thirst mechanism or lack of 
access to water, Symptoms of hypernatremia in 
the presence of excess fluid loss may include diz- 
ziness or fainting, low blood pressure, and dimin- 
ished urine production. Severe hypernatremia 
may result in edema (swelling), hypertension, 
rapid heart rate, difficulty breathing, convul- 
sions, coma, and death. Hypernatremia is rarely 
caused by excessive sodium intake (e.g., the in- 
gestion of large amounts of seawater or intrave- 
nous infusion of concentrated saline solution). In 


end-stage renal failure (kidney failure), impaired 
urinary sodium excretion may lead to fluid reten- 
tion, resulting in edema, high blood pressure, or 
congestive heart failure if salt and water intake 
are not restricted.2 


Adverse Effects 


In 2004, the FNB established a tolerable upper 
intake level (UL) for sodium at 2.3 g/day for adults 
based on the adverse effects of high sodium in- 
takes on blood pressure, a major risk factor for 
cardiovascular and kidney diseases.” It should be 
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Table 26.4 Tolerable upper intake level for sodium, with estimated sodium chloride (salt) equivalence 


Sodium (g/day) 


Salt (g/day) 


SSS 


Life stage Age 

Infants 0-12 months 
Children 1-3 years 
Children 4-8 years 
Children 9-13 years 
Adolescents 14-18 years 
Adults 219 years 


intake should be from food and formula only. 


Table 26.5 Medications associated with hyponatremia® 
Medication class Examples 
Classes of medications associated with hyponatremia 


Hydrochlorthiazide, 
furosemide 


Diuretics 


Nonsteroidal anti-inflam- 
matory drugs 


Ibuprofen, naproxen 
sodium 


Opiate derivatives Codeine, morphine 


Phenothiazines Prochlorperazine, 


promethazine 


Selective serotonin 
reuptake inhibitors 


Fluoxetine, paroxetine 


Tricyclic antidepressants Amitriptyline, imipramine 
Individual medications associated with hyponatremia 


Anticonvulsant Carbamazepine 


Antilipidemic Clofibrate 
Antineoplastics Cyclophosphamide, 
vincristine 


Hormones Desmopressin, oxytocin 


Oral hypoglycemic Chlorpropamide 


noted that the UL for sodium may be lower for 
those who are most sensitive to the blood pres- 
sure effects of sodium, including older people, 
African-American individuals, and individuals 
with hypertension, diabetes, or chronic kidney 
disease. The UL values for sodium and salt in dif- 
ferent age groups are listed in Table 26.4. 


Drug Interactions 


The medications listed in Table 26.5 increase the 
risk of hyponatremia (abnormally low blood so- 
dium concentration).® 


Not determined? 


Not determined? 


S 3.8 
1.9 4.8 
2.2 59 
2.3 5.8 
2.3 5.8 


LPI Recommendation 


There is strong and consistent evidence that diets rela- 
tively low in salt (5.8 g/day or less) and high in potas- 
sium (at least 4.7 g/day) are associated with decreased 
risk of high blood pressure and the associated risks of 
cardiovascular and kidney diseases. Moreover, the 
DASH trial demonstrated that a diet emphasizing fruit, 
vegetables, whole grains, nuts, and low-fat dairy prod- 
ucts substantially lowered blood pressure, an effect 
that was enhanced by reducing salt intake to 5.8 g/day 
or less. A lower salt intake of 3.8 g/day should be the 
aim. The Linus Pauling Institute recommends a diet 
that is rich in fruit and vegetables (at least five servings 
per day) and limits processed foods that are high in salt. 


Older Adults 

Diets low in salt (3.8 g/day or less) and rich in potassium 
(at least 4.7 g/day) are likely to be of particular benefit 
for older adults, who are at increased risk of high blood 
pressure along with its associated risks of cardiovascu- 
lar and kidney diseases. Because sensitivity to the blood 
pressure-raising effects of salt increases with age, diets 
that are low in salt and high in potassium may espe- 
cially benefit older adults. 
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Zinc 


Zinc is an essential trace element for all forms of 
life. The significance of zinc in human nutrition 
and public health was recognized relatively re- 
cently. Clinical zinc deficiency in humans was 
first described in 1961, when the consumption of 
diets with low zinc bioavailability due to high 
phytic acid content was associated with “adoles- 
cent nutritional dwarfism” in the Middle East.! 
Since then, zinc insufficiency has been recog- 
nized by a number of experts as an important 
public health issue, especially in developing 
countries. 


Function 


Numerous aspects of cellular metabolism are 
zinc dependent. Zinc plays important roles in 
growth and development, the immune response, 
neurological function, and reproduction. On the 
cellular level, the function of zinc can be divided 
into three categories: (1) catalytic, (2) structural, 
and (3) regulatory.? 


Catalytic Role 


Nearly 100 different enzymes depend on zinc for 
their ability to catalyze vital chemical reactions. 
Zinc-dependent enzymes can be found in all 
known classes of enzymes.* 


Structural Role 


Zinc plays an important role in the structure of 
proteins and cell membranes. A fingerlike struc- 
ture, known as a zinc finger motif, stabilizes the 
structure of a number of proteins. For example, 
copper provides the catalytic activity for the an- 
tioxidant enzyme copper-zinc superoxide dis- 
mutase (CuZnSOD), while zinc plays a critical 
structural role.*° The structure and function of 
cell membranes are also affected by zinc. Loss of 
zinc from biological membranes increases their 
susceptibility to oxidative damage and impairs 
their function.® 


` 


Regulatory Role ~ 


Zinc finger proteins have been found to regulate 
gene expression by acting as transcription factors 
(binding to DNA and influencing the transcrip- 
tion of specific genes). Zinc also plays a role in 
cell signaling and has been found to influence 
hormone release and nerve impulse transmis- 
sion. More recently, zinc has been found to play a 
role in apoptosis (gene-directed cell death), a 
critical cellular regulatory process with implica- 
tions for growth and development, as well as a 
number of chronic diseases.” 


Nutrient Interactions 


Copper. Taking large quantities of zinc (50 mg/ 
day or more) over a period of weeks can interfere 
with copper bioavailability. High intake of zinc 
induces the intestinal synthesis of a copper-bind- 
ing protein called metallothionein. Metallothio- 
nein traps copper within intestinal cells and pre- 
vents its systemic absorption. More typical in- 
takes of zinc do not affect copper absorption and 
high copper intakes do not affect zinc absorp- 
tion.’ 


Iron. Supplemental (38-65 mg/day of elemental 
iron) but not dietary levels of iron may decrease 
zinc absorption. This interaction is of concern in 
the management of iron supplementation during 
pregnancy and lactation, and has led some ex- 
perts to recommend zinc supplementation for 
pregnant and lactating women taking more than 
60 mg/day of elemental iron.®!0 


Calcium. High levels of dietary calcium impair 
zinc absorption in animals, but it is uncertain 
whether this occurs in humans. One study 
showed that increasing the calcium intake of 
postmenopausal women by 890 mg/day in the 
form of milk or calcium phosphate (total calcium 
intake, 1360mg/day) reduced zinc absorption 
and zinc balance in postmenopausal women,!! 
but increasing the calcium intake of adolescent 
girls by 1000 mg/day in the form of calcium ci- 


trate malate (total calcium intake, 1667 mg/day) 
did not affect zinc absorption or balance.!? Calci- 
um in combination with phytic acid reduces zinc 
absorption. This effect is particularly relevant to 
individuals who very frequently consume torti- 
llas made with lime (i.e. calcium oxide). For 
more information on phytic acid, see “Food 
Sources,” p. 229. 


Folic acid. The bioavailability of dietary folate is 
increased by the action of a zincdependent en- 
zyme, suggesting a possible interaction between 
zinc and folate. In the past, some studies found 
that low zinc intake decreased folate absorption, 
whereas other studies found that folic acid sup- 
plementation impaired zinc utilization in indi- 
viduals with marginal zinc status.4° However, a 
more recent study reported that supplementa- 
tion with a relatively high dose of folic acid 
(800 g/day) for 25 days did not alter zinc status 
in a group of students being fed low-zinc diets 
(3.5 mg/day); the level of zinc intake did not im- 
pair folate utilization in this study.'3 


Vitamin A. Zinc and vitamin A interact in several 
ways. Zinc is acomponent of retinol-binding pro- 
tein, a protein necessary for transporting vitamin 
A in the blood. Zinc is also required for the en- 
zyme that converts retinol (vitamin A) to retinal. 
This latter form of vitamin A is necessary for the 
synthesis of rhodopsin, a protein in the eye that 
absorbs light and thus is involved in dark adapta- 
tion. Zinc deficiency is associated with a de- 
creased release of vitamin A from the liver, which 
may contribute to symptoms of night blindness 
that are seen with zinc deficiency.'*!> 


Deficiency 


Severe Zinc Deficiency 


Much of what is known about severe zinc defi- 
ciency has been derived from the study of indi- 
viduals born with acrodermatitis enteropathica, 
a genetic disorder resulting from the impaired 
uptake and transport of zinc. The symptoms of 
severe zinc deficiency include the slowing or ces- 
sation of growth and development, delayed sexu- 
al maturation, characteristic skin rashes, chronic 
and severe diarrhea, immune system deficien- 
cies, impaired wound healing, diminished appe- 
tite, impaired taste sensation, night blindness, 


Deficiency 


swelling and clouding of the corneas, and behav- 
ioral disturbances. Before the cause of acroder- 
matitis enteropathica was known, patients typi- 
cally died in infancy. Oral zinc therapy results in 
the complete remission of symptoms, although it 
must be maintained indefinitely in individuals 
with the genetic disorder.*!6 Although dietary 
zinc deficiency is unlikely to cause severe zinc 
deficiency in individuals without a genetic disor- 
der, zinc malabsorption or conditions of in- 
creased zinc loss, such as severe burns or pro- 
longed diarrhea, may also result in severe zinc 
deficiency. 


Mild Zinc Deficiency 


It has recently become apparent that milder zinc 
deficiency contributes to a number of health 
problems, especially common in children who 
live in developing countries. The lack of a sensi- 
tive indicator of mild zinc deficiency hinders the 
scientific study of its health implications. How- 
ever, controlled trials of moderate zinc supple- 
mentation have demonstrated that mild zinc de- 
ficiency contributes to impaired physical and 
neuropsychological development and increased 
susceptibility to life-threatening infections in 
young children.'® 


Individuals at risk of zinc deficiency. Populations 
at increased risk of zinc deficiency include: in- 
fants and children; pregnant and lactating wom- 
en, especially teenagers; patients receiving total 
parenteral nutrition (intravenous feeding); mal- 
nourished individuals, including those with pro- 
tein-energy malnutrition and anorexia nervosa; 
individuals with severe or persistent diarrhea; 
individuals with malabsorption syndromes, in- 
cluding celiac disease and short bowel syndrome; 
individuals with inflammatory bowel disease, in- 
cluding Crohn disease and ulcerative colitis; indi- 
viduals with alcoholic liver disease; individuals 
with sickle cell anemia; and older adults 
(65 years and older).° 


Strict vegetarians. The requirement for dietary 
zinc may be as much as 50% greater for strict veg- 
etarians whose major food staples are grains and 
legumes, because high levels of phytic acid in 
these foods reduce zinc absorption.* 
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Table 27.1 Recommended dietary allowance for zinc 


Life stage Age _ Males (mg/day) Females (mg/day) 
Infants 0-6 months 2 (Al) 2 (Al) 
Infants 7-12 months 3 3 
Children 1-3 years 3 ; 3 
Children 4-8 years 5 5 
Children 9-13 years 8 8 
Adolescents 14-18 years 11 9 
Adults 219 years 11 8 
Pregnancy <18 years - 12 
Pregnancy 219 years = 11 
Breast-feeding <18 years = 13 
Breast-feeding >19 years = 12 


Al, adequate intake. 


Recommended Dietary Allowance 


The US recommended dietary allowance (RDA) 
for zinc is listed in Table 27.1 by life stage and 
gender. Infants, children, and pregnant and lac 
tating women are at increased risk of zinc defi- 
ciency. As a sensitive indicator of zinc nutritional 
status is not readily available, the RDA for zinc is 
based on a number of different indicators of zinc 
nutritional status and represents the daily intake 
likely to prevent deficiency in nearly all individu- 
als in a specific age and gender group.* 


Disease Prevention 


The following health problems and diseases may 
be avoided by addressing zinc deficiency. 


Impaired Growth and Development 


Growth retardation. Significant delays in linear 
growth and weight gain, known as growth retar- 
dation or failure to thrive, are common features of 
mild zinc deficiency in children. In the 1970s and 
1980s, several randomized, placebo-controlled 
studies of zinc supplementation in young chil- 
dren with significant growth delays were con- 
ducted in Denver, Colorado, Modest zinc supple- 
mentation (5.7 mg/day) resulted in increased 
growth rates compared with placebo.!” More re- 
cently, a number of larger studies in developing 
countries observed similar results with modest 
zinc supplementation. A meta-analysis of growth 
data from zinc intervention trials recently con- 


firmed the widespread occurrence of growth- 
limiting zinc deficiency in young children, espe- 
cially in developing countries.'* Although the ex- 
act mechanism for the growth-limiting effects of 
zinc deficiency are not known, research indicates 
that zinc availability affects cell-signaling sys- 
tems that coordinate the response to the growth- 
regulating hormone, insulin-like growth factor-1 
(IGF-1).!9 


Delayed neurological and behavioral develop- 
ment in young children. Low maternal zinc nu- 
tritional status has been associated with dimin- 
ished attention in newborn infants and poorer 
motor function at 6 months of age. Zinc supple- 
mentation has been associated with improved 
motor development in very low-birth-weight in- 
fants, more vigorous activity in Indian infants 
and toddlers, and more functional activity in 
Guatemalan infants and toddlers.2° In addition, 
zinc supplementation was associated with better 
neuropsychological functioning (e.g., attention) 
in Chinese first-grade students, but this was ob- 
served only when zinc was provided with other 
micronutrients.*! Two other studies failed to find 
an association between zinc supplementation 
and measures of attention in children diagnosed 
with growth retardation. Although initial studies 
suggest that zinc deficiency may depress cogni- 
tive development in young children, more con- 
trolled research is required to determine the na- 
ture of the effect and whether zinc supplementa- 
tion is beneficial.?? 


Increased Susceptibility to Infectious 
Disease in Children 


Adequate zinc intake is essential in maintaining 
the integrity of the immune system,?3 and zinc 
deficient individuals are known to experience 
increased susceptibility to a variety of infectious 
agents.24 


Diarrhea. It is estimated that diarrheal diseases 
result in the deaths of over 3 million children in 
developing countries each year. The adverse ef- 
fects of zinc deficiency on immune system func- 
tion are likely to increase the susceptibility of 
children to infectious diarrhea, and persistent 
diarrhea contributes to zinc deficiency and mal- 
nutrition. Research indicates that zinc deficiency 
may also potentiate the effects of toxins pro- 
duced by diarrhea-causing bacteria such as Esch- 
erichia coli. Zinc supplementation in combina- 
tion with oral rehydration therapy has been 
shown to significantly reduce the duration and 
severity of acute and persistent childhood diar- 
rhea and to increase survival in a number of ran- 
domized controlled trials.25?” Recently, a meta- 
analysis of randomized controlled trials conclud- 
ed that zinc supplementation reduces the fre- 
quency, severity, and duration of diarrheal 
episodes in children aged under 5 years.28 The 
World Health Organization and the United Na- 
tions Children’s Fund currently recommend zinc 
supplementation as part of the treatment for di- 
arrheal diseases in young children.29 


Pneumonia. Zinc supplementation may also re- 
duce the incidence of lower respiratory infec 
tions, such as pneumonia. A pooled analysis of a 
number of studies in developing countries dem- 
onstrated a substantial reduction in the preva- 
lence of pneumonia in children supplemented 
with zinc.2° A recent meta-analysis found that 
zinc supplementation reduced the incidence but 
not duration of pneumonia or respiratory tract 
illnesses in children aged under 5 years.” 


Malaria. Some studies have indicated that zinc 
supplementation may reduce the incidence of 
clinical attacks of malaria in children! A 
placebo-controlled trial in preschool-aged chil- 
dren in Papua New Guinea found that zinc sup- 
plementation reduced the frequency of health 
center attendance due to Plasmodium falciparum 


Disease Prevention 


malaria by 38%.*2 In addition, the number of ma- 
laria episodes accompanied by high blood levels 
of this malaria-causing parasite was reduced by 
68%, suggesting that zinc supplementation may 
be of benefit in preventing more severe episodes 
of malaria. However, a 6-month trial in more 
than 700 West African children did not find the 
frequency or severity of malaria episodes caused 
by P. falciparum to be different in children sup- 
plemented with zinc compared with those given 
a placebo.?? In addition, a randomized controlled 
trial reported that zinc supplementation did not 
benefit preschool-aged children with acute, un- 
complicated P. falciparum malaria.*4 Further, a 
randomized controlled trial in over 42000 chil- 
dren aged 1-48 months found that zinc supple- 
mentation did not significantly reduce mortality 
associated with malaria and other infections.35 
Due to conflicting reports, it is not yet clear 
whether zinc supplementation has any utility in 
treating childhood malaria. 


Impaired Immune Response in 
Elderly People 


Age-related declines in immune function are 
similar to those associated with zinc deficiency, 
and elderly people are vulnerable to mild zinc 
deficiency. However, the results of zinc supple- 
mentation trials on immune function in elderly 
people have been mixed. Certain aspects of im- 
mune function in elderly people have been found 
to improve with zinc supplementation.?® For ex- 
ample, a randomized placebo-controlled study in 
men and women aged over 65 years found that a 
zinc supplement of 25 mg/day for 3 months in- 
creased levels of some circulating immune cells 
(i.e, CD4T cells and cytotoxic T lymphocytes) 
compared with placebo.?’ However, other studies 
have reported that zinc supplementation does 
not improve parameters of immune function, in- 
dicating that more research is required before 
any recommendations can be made about zinc 
and immune system response in elderly people. 


Pregnancy Complications 


It has been estimated that 82% of pregnant 
women worldwide are likely to have inadequate 
zinc intakes. Poor maternal zinc nutritional sta- 
tus has been associated with a number of adverse 
outcomes of pregnancy, including low birth 
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weight, premature delivery, labor and delivery 
complications, and congenital anomalies.22 How- 
ever, the results of maternal zinc supplementa- 
tion trials in the United States and developing 
countries have been mixed.” Although some 
studies have found maternal zinc supplementa- 
tion to increase birth weight and decrease the 
likelihood of premature delivery, two placebo- 
controlled studies in Peruvian and Bangladeshi 
women found that zinc supplementation did not 
affect the incidence of low birth weight or pre- 
mature delivery.2°4° Supplementation studies 
designed to examine the effect of zinc supple- 
mentation on labor and delivery complications 
have also generated mixed results, although few 
have been conducted in zincdeficient popula- 
tions.2° A recent systematic review of 17 ran- 
domized controlled trials found that zinc supple- 
mentation during pregnancy was associated 
with a 14% reduction in premature deliveries; 
the lower incidence of preterm births was ob- 
served mainly in low-income women.*! This 
analysis did not, however, find zinc supplemen- 
tation to benefit other indicators of maternal or 
infant health.*! 


Disease Treatment 


Common Cold 


Zinc lozenges. The use of zinc lozenges within 24 
hours of the onset of cold symptoms, and contin- 
ued every 2-3 hours while awake until symp- 
toms resolve, has been advocated for reducing 
the duration of the common cold. At least 10 con- 
trolled trials of zinc gluconate lozenges for the 
treatment of common colds in adults have been 
published. Five studies found that zinc lozenges 
reduced the duration of cold symptoms, whereas 
five studies found no difference between zinc 
lozenges and placebo lozenges with respect to 
the duration or severity of cold symptoms. A me- 
ta-analysis of published randomized controlled 
trials on the use of zinc gluconate lozenges in 
colds found that evidence for their effectiveness 
in reducing the duration of common colds was 
still lacking.“ Two clinical trials examined the ef- 
fect of zinc acetate lozenges on cold symptoms. 
Although one of the trials found that zinc acetate 
lozenges (12.8 mg zinc per lozenge) taken every 
2-3 hours while awake reduced the duration of 
overall cold symptoms (4.5 vs. 8.1 days) com- 


pared with placebo,*? the other study found that 
zinc acetate lozenges were no different from pla- 
cebo in reducing the duration or severity of cold 
symptoms. 

Despite numerous well-controlled trials, the 
efficacy of zinc lozenges in treating common cold 
symptoms remains questionable, although a re- 
cent Cochrane review of 13 therapeutic trials 
found that, when taken within 24 hours of the 
onset of cold symptoms, zinc supplementation in 
the form of lozenges or syrup reduced the se- 
verity and duration of cold symptoms.”’ The 
physiological basis for a beneficial effect of high- 
dose zinc supplementation on cold symptoms is 
not known. Taking zinc lozenges every 2-3 hours 
while awake often results in daily zinc intakes 
well above the tolerable upper intake level (UL) of 
40 mg/day. Short-term use of zinc lozenges (e.g., 
less than 5 days) has not resulted in serious side 
effects, although some individuals experienced 
gastrointestinal disturbances and mouth irrita- 
tion. Use of zinc lozenges for prolonged periods 
(e.g., 6-8 weeks) is likely to result in copper defi- 
ciency. For this reason, some experts have rec- 
ommended that a person who does not show 
clear evidence of improvement of cold symptoms 
after 3-5 days of zinc lozenge treatment seek 
medical evaluation.” 


Intranasal zinc (zinc nasal gels and nasal 
sprays). Intranasal zinc preparations, designed 
to be applied directly to the nasal epithelium 
(cells lining the nasal passages), are also market- 
ed as over-the-counter cold remedies. Although 
two placebo-controlled trials found that intrana- 
sal zinc gluconate modestly shortened the dura- 
tion of cold symptoms,*>“6 three other placebo- 
controlled studies found intranasal zinc to be of 
no benefit.47-*9 In the most rigorously controlled 
of these studies, intranasal zinc gluconate did not 
affect the severity or duration of cold symptoms 
in volunteers inoculated with rhinovirus, a com- 
mon cause of colds.*’ Of serious concern are sev- 
eral case reports of individuals experiencing loss 
of the sense of smell (anosmia) after using intra- 
nasal zinc as a cold remedy.*°*! Because zinc 
associated anosmia may be irreversible, intrana- 
sal zinc preparations should be avoided. 


Sources 


“ 


Age-related Macular Degeneration 


A leading cause of blindness in people over the 

age of 65 in the United States is a degenerative 

disease of the macula, known as age-related 

macular degeneration (ARMD). The macula is the 

portion of the retina in the back of the eye in- 

volved with central vision. Zinc is hypothesized 

to play a role in the development of ARMD for 

several reasons: 

e Zinc is found at high concentrations in the part 
of the retina affected by ARMD. 

* Retinal zinc content has been shown to decline 
with age. 

e The activities of some zinc-dependent retinal 
enzymes have been shown to decline with age. 


However, scientific evidence that zinc intake is 
associated with the development or progression 
of ARMD is limited. Observational studies have 
not demonstrated clear associations between di- 
etary zinc intake and the incidence of ARMD.52-54 
A randomized controlled trial provoked interest 
when it found that 200 mg/day of zinc sulfate 
(81 mg/day of elemental zinc) over 2 years re- 
duced the loss of vision in patients with ARMD.°° 
However, a later trial using the same dose and 
duration found no beneficial effect in patients 
with a more advanced form of ARMD in one 
eye.°® A large randomized controlled trial of daily 
supplementation with antioxidants (500 mg vi- 
tamin C, 400 IU vitamin E, and 15 mg B-carotene) 
and high-dose zinc (80 mg zinc and 2 mg copper) 
found that the antioxidant combination plus 
high-dose zinc, and high-dose zinc alone, both 
significantly reduced the risk of advanced macu- 
lar degeneration compared with placebo in indi- 
viduals with signs of moderate-to-severe macu- 
lar degeneration in at least one eye.’ Data from 
smaller trials have generally not observed a pro- 
tective effect of vitamin and mineral supplemen- 
tation on ARMD.°? At present, there is little evi- 
dence that zinc supplementation would be ben- 
eficial to people with early signs of macular de- 
generation, but further randomized controlled 
trials are warranted.*? 


Diabetes Mellitus 


Moderate zinc deficiency may be relatively com- 
mon in individuals with diabetes mellitus. In- 
creased loss of zinc by frequent urination appears 


to contribute to the marginal zinc nutritional sta- 
tus that has been observed in people with diabe- 
tes.©° Although zinc supplementation reportedly 
improves immune function in people with diabe- 
tes, zinc supplementation of 50 mg/day adversely 
affected control of blood glucose in type 1 diabe- 
tes in one study.®! In a more recent study, supple- 
mentation of people with type 2 diabetes with 
30 mg/day of zinc for 6 months reduced a non- 
specific measure of oxidative stress (plasma 
TBARS) without significantly affecting blood glu- 
cose control.® Currently, the influence of zinc on 
glucose metabolism requires further study be- 
fore high-dose zinc supplementation can be ad- 
vocated for people with diabetes.° 


HIV/AIDS 


Sufficient zinc is essential in maintaining im- 
mune system function and human immunodefi- 
ciency virus (HIV)-infected individuals are par- 
ticularly susceptible to zinc deficiency. In HIV- 
infected patients, low serum levels of zinc have 
been associated with a more advanced stage of 
the disease and also with increased mortality. 
In one of the few zinc supplementation studies 
conducted in patients with acquired immune de- 
ficiency syndrome (AIDS), 45 mg/day of zinc for 1 
month resulted in a decreased incidence in op- 
portunistic infections compared with placebo.® 
However, HIV also requires zinc, and excessive 
zinc intake may stimulate the progression of HIV 
infection. In an observational study of HIV-in- 
fected men, increased zinc intake was associated 
with more rapid disease progression, and any in- 
take of zinc supplements was associated with 
poorer survival.® These results indicate that fur- 
ther research is necessary to determine optimal 
zinc intakes for HIV-infected individuals.2?*’ 


Sources 


Food Sources 


Shellfish, beef, and other red meats are rich 
sources of zinc. Nuts and legumes are relatively 
good plant sources of zinc. Zinc bioavailability 
(the fraction of zinc retained and used by the 
body) is relatively high in meat, eggs, and seafood 
because of the relative absence of compounds 
that inhibit zinc absorption and the presence of 
certain amino acids (cysteine and methionine) 
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Table 27.2 Food sources of zinc 


Food Serving Zinc (mg) 

Oysters, cooked 6 medium 76.3 

Beef, cooked 3 ounces? 6.0 

Crab, Dungeness, 3 ounces? 4.7 

cooked 

Turkey, dark meat, 3 ounces? 3.8 

cooked 

Pork, cooked 3 ounces? 22 

Chicken, dark meat, 3 ounces? 1.8 

cooked 

Beans, baked Y cup 1.8 

Yogurt, fruit 1 cup 1.8 
(8 ounces) 

Milk 1 cup 1.8 
(8 ounces) 

Cashews 1 ounce 1.6 

Chickpeas Ya cup 1.3 

(garbanzo beans) 

Almonds 1 ounce 1.0 

Peanuts 1 ounce 0.9 

Cheese, cheddar 1 ounce 0.9 


2A three-ounce serving of meat or seafood is about the 
size of a deck of cards. 


that improve zinc absorption. The zinc in whole- 
grain products and plant proteins is less bioavail- 
able due to their relatively high content of phytic 
acid, a compound that inhibits zinc absorption.” 
The enzymatic action of yeast reduces the level of 
phytic acid in foods. Therefore, leavened whole- 
grain breads have more bioavailable zinc than 
unleavened whole-grain breads. National dietary 
surveys in the United States estimate that aver- 
age dietary zinc intake is 9mg/day for women 
and 13 mg/day for men.* The zinc content of 
some relatively zincrich foods is listed in Table 
27.2. 


Supplements 


A number of zinc supplements are available, in- 
cluding zinc acetate, zinc gluconate, zinc pico- 
linate, and zinc sulfate, Zinc picolinate has been 
promoted as a more absorbable form of zinc, but 
there are few data to support this idea in hu- 
mans. Limited work in animals suggests that in- 
creased intestinal absorption of zinc picolinate 
may be offset by increased elimination.* 


Safety 
Toxicity 


Acute toxicity. Isolated outbreaks of acute zinc 
toxicity have occurred as a result of the con- 
sumption of food or beverages contaminated 
with zinc released from galvanized containers. 
Signs of acute zinc toxicity are abdominal pain, 
diarrhea, nausea, and vomiting. Single doses of 
225-450 mg zinc usually induce vomiting. Mild- 
er gastrointestinal distress has been reported at 
doses of 50-150 mg/day of supplemental zinc. 
Metal fume fever has been reported after the in- 
halation of zinc oxide fumes. Specifically, profuse 
sweating, weakness, and rapid breathing may de- 
velop within 8 hours of zinc oxide inhalation and 
persist 12-24 hours after exposure is terminat- 
ed4° 


Chronic toxicity. The major consequence of long- 
term consumption of excessive zinc is copper de- 
ficiency. Total zinc intakes of 60 mg/day (50 mg 
supplemental and 10 mg dietary zinc) have been 
found to result in signs of copper deficiency. To 
prevent copper deficiency, the US Food and Nu- 
trition Board set a UL for adults at 40 mg/day, in- 
cluding dietary and supplemental zinc (Table 
27.3)4 


Intranasal zinc. Intranasal zinc is known to cause 
a loss of the sense of smell (anosmia) in labora- 
tory animals,®8 and there have been several case 
reports of individuals who developed anosmia 
after using intranasal zinc gluconate.*°>! Because 
zinc-associated anosmia may be irreversible, zinc 
nasal gels and sprays should be avoided. 


Drug Interactions 


Concomitant administration of zinc supplements 
and certain antibiotics, specifically tetracyclines 
and quinolones, may decrease absorption of the 
antibiotic and potentially reduce its efficacy. Tak- 
ing zinc supplements and these antibiotics at 
least 2 hours apart should prevent this interac- 
tion.® In addition, the therapeutic use of metal- 
chelating (binding) agents such as penicillamine 
(used to treat copper overload in Wilson disease) 
and diethylenetriamine pentaacetate or DTPA 
(used to treat iron overload) has resulted in se- 
vere zinc deficiency. Anticonvulsant drugs, espe- 


Table 27.3 Tolerable upper intake level (UL) for zinc 


Life stage Age UL (mg/day) 
Infants 0-6 months 4 

Infants 7-12 months 5 

Children 1-3 years 7 

Children 4-8 years 12 

Children 9-13 years 23 
Adolescents 14-18 years 34 

Adults 219 years 40 


cially sodium valproate, may also precipitate zinc 
deficiency. Prolonged use of diuretics may in- 
crease urinary zinc excretion, resulting in in- 
creased loss of zinc. Further, the tuberculosis 
medication, ethambutol, has metal-chelating 
properties and has been shown to increase zinc 
loss in rats.? 


LPI Recommendation 


The RDA for zinc (8 mg/day for women and 11 mg/day 
for men) appears sufficient to prevent deficiency in 
most individuals, but the lack of sensitive indicators of 
zinc nutritional status in humans makes it difficult to 
determine the level of zinc intake most likely to pro- 
mote optimum health. Following the Linus Pauling In- 
stitute recommendation to take a multivitamin/miner- 
al supplement containing 100% of the daily values of 
most nutrients will generally provide 15 mg/day of zinc. 


Older Adults 

Although the requirement for zinc is not known to be 
higher for older adults, their average zinc intake tends 
to be considerably less than the RDA. A reduced capac 
ity to absorb zinc, increased likelihood of disease states 
that alter zinc utilization, and increased use of drugs 
that increase zinc excretion may all contribute to an in- 
creased risk of mild zinc deficiency in older adults. Be- 
cause the consequences of mild zinc deficiency, such as 
impaired immune system function, are particularly rel- 
evant to the health of older adults, they should pay par- 
ticular attention to maintaining adequate zinc intake. 
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Nutrient—Nutrient Interactions 


Nutrient Nutrient Interaction 
Biotin Pantothenic acid High doses of pantothenic acid may compete with biotin for 
absorption ` 
Folic acid Riboflavin Works synergistically with folate to lower homocysteine levels 
Vitamin Be Works synergistically with folate to lower homocysteine levels 
Vitamin Bı2 Works synergistically with folate to lower homocysteine levels 
High-dose folic acid therapy may mask the symptoms of 
vitamin B,2 deficiency 
Niacin Riboflavin Riboflavin deficiency may increase the risk of niacin deficiency 
by decreasing niacin synthesis from tryptophan 
Tryptophan Niacin can be synthesized from tryptophan, reducing the 
dietary niacin requirement 
Pantothenic acid Biotin High doses of pantothenic acid may compete with biotin for 
absorption 
Riboflavin Folic acid Works synergistically with riboflavin to lower homocysteine 
levels 
Iron Riboflavin deficiency may impair iron absorption or utilization 
Niacin Riboflavin deficiency may increase the risk of niacin deficiency 
by decreasing niacin synthesis from tryptophan 
Vitamin Bg Riboflavin deficiency may decrease conversion of vitamin Bs to 
its coenzyme form 
Vitamin A lodine Vitamin A deficiency may exacerbate the effects of iodine 
deficiency 
Iron Vitamin A deficiency may exacerbate iron deficiency 
Vitamin K High doses of vitamin A may decrease vitamin K absorption 
Zinc Zinc deficiency may interfere with vitamin A metabolism 
Vitamin Be Folic acid Works synergistically with vitamin Bg to lower homocysteine 
levels 
Riboflavin Riboflavin deficiency may decrease conversion of vitamin B, to 
its coenzyme form 
Vitamin By. Works synergistically with vitamin Bg to lower homocysteine 
levels 
Vitamin B42 Folic acid Works synergistically with vitamin B,2 to lower homocysteine 
levels 
High-dose folic acid therapy may mask the symptoms of 
vitamin B42 deficiency 
Riboflavin Works synergistically with vitamin B43 to lower homocysteine 
levels 
Vitamin Be Works synergistically with vitamin B, to lower homocysteine 
levels 
Vitamin C Chromium Concomitant intake may enhance the absorption of chromium 
Iron Concomitant intake increases the absorption of nonheme iron 
Selenium Selenium-dependent enzymes catalyze the regeneration of 
vitamin C and function synergistically in antioxidant system 
Vitamin E Vitamin C may regenerate vitamin E 
Vitamin D Calcium Active form of vitamin D increases intestinal calcium 
absorption and decreases urinary calcium excretion 
Magnesium Active form of vitamin D (calcitriol) may slightly increase 


intestinal absorption of magnesium 


Nutrient 


te pa sete rer 


Vitamin E 


Vitamin K 


Calcium 


Chromium 


Copper 


Fluoride 


lodine 


Iron 


Nutrient 


Selenium 


Vitamin C 


Vitamin K 


Vitamin A 


Vitamin E 


Fluoride 


Iron 


Manganese 
Protein 
Sodium 
Vitamin D 


Zinc 
Vitamin C 
Iron 

Zinc 
Calcium 
Magnesium 
Selenium 
Vitamin A 
Calcium 


Copper 


lodine 
Magnesium 


Manganese 


Riboflavin 
Vitamin A 
Vitamin C 


Zinc 


Nutrient-Nutrient Interactions 


Interaction 


Selenium-dependent enzymes function synergistically in 
antioxidant system 


Vitamin C may regenerate vitamin E 


High doses of vitamin E may inhibit activity of vitamin 
K-dependent enzymes, resulting in functional vitamin K 
deficiency 


High doses of vitamin A may decrease vitamin K absorption 


High doses of vitamin E may inhibit activity of vitamin 
K-dependent enzymes, resulting in functional vitamin K 
deficiency 


Supplemental use may decrease fluoride absorption 


Concomitant intake decreases nonheme iron absorption 
calcium and iron supplements should not be taken together 


Concomitant intake may decrease manganese absorption 
Increases urinary calcium excretion 
Increases urinary calcium excretion 


Active form of vitamin D increases intestinal calcium 
absorption and decreases urinary calcium excretion 


High calcium intakes may decrease zinc absorption 
Concomitant intake may enhance the absorption of chromium 


Copper deficiency may interfere with iron transport 
High-iron formula may decrease infant copper absorption 


High supplemental zinc intakes may cause copper deficiency 
by decreasing intestinal copper absorption 


Concomitant intake of calcium may decrease absorption of 
sodium fluoride 


Concomitant intake of magnesium may decrease absorption of 
sodium fluoride 


Selenium deficiency can exacerbate the effects of iodine 
deficiency 


Vitamin A deficiency may exacerbate the effects of iodine 
deficiency 


Concomitant intake decreases nonheme iron absorption; iron 
and calcium supplements should not be taken together 


Copper deficiency may interfere with iron transport 
High-iron formula may decrease infant copper absorption 


Iron deficiency may exacerbate the effects of iodine deficiency 
Concomitant intake may decrease nonheme iron absorption 


Concomitant iron intake may decrease manganese absorption 
Manganese absorption is increased in iron-deficient individuals 


Riboflavin deficiency may impair iron absorption or utilization 
Vitamin A deficiency may exacerbate iron deficiency 
Concomitant intake increases nonheme iron absorption 


Supplemental doses of iron may decrease zinc absorption 
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Nutrient Nutrient Interaction 
Magnesium Fluoride Concomitant intake of magnesium and sodium fluoride may 
decrease absorption of sodium fluoride 
Iron Concomitant intake may decrease nonheme iron absorption 
Manganese Supplemental magnesium mày decrease manganese 
absorption z 
Vitamin D Active form of vitamin D (calcitriol) may slightly increase 
intestinal absorption 
Zinc High-dose zinc supplement intake may decrease magnesium 
absorption 
Manganese Calcium Concomitant intake may decrease manganese absorption 
iron Concomitant iron intake may decrease manganese absorption 
Manganese absorption is increased in iron-deficient individuals 
Magnesium Supplemental magnesium may decrease manganese 
absorption 
Phosphorus Potassium Taking potassium supplements together with phosphate may 
cause hyperkalemia 
Potassium Phosphorus Taking phosphates together with potassium supplements may 
cause hyperkalemia 
Selenium lodine Selenium deficiency can exacerbate the effects of iodine 
deficiency 
Vitamin C Selenium-dependent enzymes catalyze the regeneration of 
vitamin C and function synergistically in antioxidant system 
Vitamin E Selenium-dependent enzymes function synergistically in 
antioxidant system 
Zinc Calcium High calcium intakes may decrease zinc absorption 
Copper High supplemental zinc intakes may cause copper deficiency 
by decreasing intestinal copper absorption 
Iron Supplemental doses of iron may decrease zinc absorption 
Vitamin A Zinc deficiency may interfere with vitamin A metabolism 


Drug-—Nutrient Interactions 


Drug classes are listed first, alphabetically, fol- 
lowed by specific drugs known to act with spe- 
cific nutrients. As there may be drug-nutrient 
interactions that are not listed below, it is impor- 
tant to review the prescribing or patient informa- 
tion of any medication before its use for the pos- 
sibility of clinically significant drug-nutrient in- 
teractions. This appendix does not address the 


Drug-—Nutrient Interactions 


potential for multiple drug—nutrient interactions 
in individuals taking more than one medication. 
Note: medications that increase the risk of hyper- 
kalemia and hypokalemia are listed in Tables 
24.3 and 24.4, respectively. Medications that in- 
crease the risk of hyponatremia are listed in Table 
26.5. 


Drug class Nutrient Interaction 2 
Antacids Copper High doses may decrease copper absorption 
Fluoride Concomitant intake may decrease fluoride absorption 
Iron May decrease iron absorption 
Manganese Concomitant intake of manganese and magnesium-containing 
antacids may decrease manganese absorption 
Phosphorus Aluminum-containing antacids decrease phosphate absorption and 
may cause hypophosphatemia in high doses 
Antibiotics Biotin Prolonged use of broad-spectrum antibiotics may decrease biotin 
synthesis by intestinal bacteria 
Vitamin B42 May decrease the absorption of food-bound but not supplemental 
vitamin B42 
Vitamin K Prolonged use of broad-spectrum antibiotics may decrease vitamin K 
synthesis by intestinal bacteria 
Cephalosporins may decrease vitamin K recycling 
Calcium Concomitant use of calcium and quinolone or tetracycline classes of 
antibiotics may decrease antibiotic absorption 
Iron Concomitant intake of iron supplements may decrease the efficacy of 
quinolone and tetracycline classes of antibiotics 
Magnesium Concomitant intake of magnesium supplements may decrease the 
absorption of nitrofurantoin and quinolone and tetracycline classes of 
antibiotics 
Manganese Concomitant intake of manganese and tetracycline classes of 
antibiotics may decrease manganese absorption 
Zinc Concomitant intake of zinc supplements may decrease the efficacy of 
quinolone and tetracycline classes of antibiotics 
Anticonvulsants Biotin Long-term therapy may increase dietary biotin requirement 
Folic acid May interfere with dietary folate absorption 
Riboflavin Long-term therapy may increase riboflavin requirement by increasing 
hepatic metabolism 
Thiamin Long-term therapy may increase dietary thiamin requirement 
Vitamin Bg High doses of vitamin Bg may decrease the efficacy of the anticonvul- 
sants phenobarbital and phenytoin 
Vitamin D May decrease plasma levels of calcidiol 
Vitamin E May decrease plasma levels of vitamin E 
Vitamin K May increase the risk of neonatal vitamin K deficiency and hemor- 
rhagic disease of newborn infants when taken by pregnant women 
Selenium Valproic acid use may decrease plasma selenium levels 
Zinc Anticonvulsant use, especially valproic acid, may precipitate zinc 


deficiency 
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Drug class Nutrient Interaction 
Antiplatelet drugs Vitamin E High doses of vitamin E may potentiate antiplatelet effects 
Bisphosphonates Calcium Concomitant intake may decrease bisphosphonate absorption 
Iron Concomitant intake of iron supplements may decrease bisphospho- 
nate absorption 
Magnesium Concomitant intake may decrease bisphosphonate absorption 
Zinc Concomitant intake may decrease bisphosphonate and zinc 
absorption 
Calcium channel Calcium Calcium supplements may decrease the efficacy of calcium channel 
blockers blockers 
Diuretics Thiamin Loop diuretics may increase urinary thiamin excretion 
Calcium Thiazide diuretics increase renal reabsorption of calcium 
Magnesium Prolonged high doses of diuretics may result in magnesium depletion 
Phosphorus Taking potassium-sparing diuretics together with phosphates may 
cause hyperkalemia 
Zinc May increase urinary zinc excretion 
H,-receptor Vitamin B42 May decrease the absorption of food-bound but not supplemental 
antagonists vitamin B42 
Calcium May decrease the absorption of calcium salts (supplements) 
Iron May decrease iron absorption 
Laxatives Manganese Concomitant intake of manganese and magnesium-containing 
antacids may decrease manganese absorption 
Nonsteroidal Folic acid High doses may interfere with folate metabolism 
antiinflammatory Vitamin E Supplemental use could increase the risk of bleeding 


drugs 


Oral contraceptives 
(estrogen containing) 


Phenothiazine 
derivatives 


Proton pump 
inhibitors 


Retinoid drugs 


Tricyclic anti- 
depressants 


Pantothenic acid 
Vitamin C 
Riboflavin 


Magnesium 


Vitamin B42 


Calcium 
Iron 


VitaminA 


Riboflavin 


May increase pantothenic acid requirement 
May decrease plasma and leukocyte vitamin C levels 


May inhibit the incorporation of riboflavin into active coenzymes flavin 
adenine dinucleotide (FAD) and flavin mononucleotide (FMN) 


Magnesium supplements may decrease the efficacy of chlorpromazine 


May decrease the absorption of food-bound but not supplemental 
vitamin B43 


May decrease the absorption of calcium salts (supplements) 
May decrease iron absorption 


Supplemental vitamin A may add to the risk of toxicity of retinoid 
drugs 


May inhibit the incorporation of riboflavin into active coenzymes FAD 
and FMN 


Drug—Nutrient Interactions 


Specific drug Nutrient Interaction 
Alcohol Thiamin Chronic alcohol abuse is associated with thiamin deficiency due to low 
dietary intake, impaired absorption and utilization, and increased excretion 
of the vitamin 
Vitamin A Chronic alcohol consumption increases the risk of vitamin A-induced 
hepatotoxicity 
Allopurinol Iron May increase iron storage in the liver; should not be used in combination 
with iron supplements 
Aspirin Vitamin C High doses of aspirin may increase urinary excretion of vitamin C 
Vitamin K May decrease vitamin K recycling 
Vitamin E High doses of vitamin E may potentiate antiplatelet effects 
Calcitriol Phosphorus High doses of calcitriol and some vitamin D analogs may cause hyperphos- 
phatemia 
Chloramphenicol Vitamin B43 May decrease the absorption of food-bound but not supplemental vitamin 
Bia 
Chlorpromazine Magnesium May reduce the efficacy of chlorpromazine 


Cholestyramine 
and colestipol 


Colchicine 


Cycloserine 


Digoxin 


Diethylenetri- 
amine penta- 
acetate (DTPA) 


Doxorubicin 
(Adriamycin) 


5-Fluorouracil 
(5-FU) 


Isoniazid 


Ketoconazole 
(oral) 


Levodopa 


Levothyroxine 


Most vitamins 
and minerals 
Vitamin B42 


Vitamin Be 


Calcium 
Magnesium 
Zinc 
Riboflavin 
Niacin 
Thiamin 
Iron 

Niacin 
Vitamin Bg 


Vitamin E 
Vitamin K 


Vitamin D 


Vitamin Bg 


Iron 


Calcium 


Iron 


May decrease vitamin and mineral absorption when taken concomitantly 


May decrease the absorption of food-bound but not supplemental vitamin 
Bi2 


May cause functional vitamin Bẹ deficiency by forming inactive complex 
with vitamin Bg 


High doses of supplemental calcium may increase the risk of arrhythmia 
Concomitant use may decrease the absorption of digoxin 


Treatment with DTPA has resulted in severe zinc deficiency 


May inhibit the incorporation of riboflavin into active coenzymes FAD and 
FMN 


Long-term therapy has resulted in niacin deficiency 
5-FU decreases phosphorylation of thiamin to its active form 
May decrease iron absorption 


Niacin antagonist; niacin supplementation is recommended during 
long-term isoniazid treatment 


May cause functional vitamin B, deficiency by forming inactive complex 
with vitamin Be 


May decrease absorption of vitamin E 


May increase the risk of vitamin K deficiency and hemorrhagic disease of 
newborn infants when taken by pregnant women 


May decrease blood levels of calcitriol, the active form of vitamin D 


May cause functional vitamin Bg deficiency by forming inactive complex 
with vitamin Be 
High doses of vitamin Bg may decrease the efficacy of levodopa 


Concomitant intake of iron supplements may decrease the efficacy of 
levodopa 


Concomitant intake may decrease levothyroxine absorption 


Concomitant intake of iron supplements may decrease the efficacy of 
levothyroxine 
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Specific drug Nutrient Interaction 
Lithium lodine Concomitant use of lithium and pharmacological doses of potassium 
iodide may result in hypothyroidism 
Lovastatin Niacin Coadministration of pharmacological doses of nicotinic acid and lovastatin 
has resulted in cases of rhabdomyolysis ` 
Metformin Vitamin B42 Decreases vitamin B,, absorption; may be corrected by taking vitamin B42 
supplements with milk or calcium supplements 
Methyldopa Iron Concomitant intake of iron supplements may decrease the efficacy of 
methyldopa 
Methotrexate Folic acid Folate antagonist; may require folic acid supplementation during 
methotrexate therapy 
Neomycin Vitamin By> May decrease the absorption of food-bound but not supplemental vitamin 
Bip 
Nitrous oxide Vitamin By2 Inhalation of nitrous oxide may result in functional vitamin B}; deficiency 
Olestra Fat-soluble Inhibits the absorption of fat-soluble vitamins; vitamins A, D, E, and K are 
vitamins added to olestra for this reason 
Orlistat Fat-soluble May decrease the absorption of fat-soluble vitamins (vitamins A, D, E, and 
vitamins K); take orlistat and vitamin supplements at least 2 hours apart 
Penicillamine Vitamin Bg May cause functional vitamin Bg deficiency by forming inactive complex 
with vitamin Be 
Copper Increases urinary excretion of copper; used to treat copper overload in 
Wilson disease 
Iron Concomitant intake of iron supplements may decrease the efficacy of 
penicillamine 
Magnesium Concomitant intake may decrease the efficacy of penicillamine 
Zinc Treatment with penicillamine has resulted in severe zinc deficiency 
Phenytoin Thiamin Use may decrease blood levels of thiamin 
Pyrimethamine Folic acid Folate antagonist; may increase folate requirement 
Quinacrine Riboflavin May inhibit the incorporation of riboflavin into active coenzymes FAD and 
FMN 
Rifampin Vitamin K May increase the risk of vitamin K deficiency and hemorrhagic disease of 
newborn infants when taken by pregnant women 
Sucralfate Vitamin E May decrease vitamin E absorption 
Sulfasalazine Folic acid Folate antagonist; may increase folate requirement 
Vitamin K May decrease vitamin K recycling 
Sulfinpyrazone Niacin Nicotinic acid may decrease the uricosuric effect of sulfinpyrazone 
Triamterene Folic acid Folate antagonist; may increase folate requirement 
Trimethoprim Folic acid Folate antagonist; may increase folate requirement 
Warfarin Vitamin C High doses of vitamin C have been reported to decrease anticoagulant 
efficacy in a few cases 
Vitamin E High doses of vitamin E may potentiate anticoagulant effects 
Vitamin K High intake of dietary or supplemental vitamin K may decrease anticoagu- 
lant efficacy 


May increase the risk of neonatal vitamin K deficiency and hemorrhagic 
disease of newborn infants when taken by pregnant women 


lodine Pharmacological doses of potassium iodide may decrease the anticoagu- 
lant efficacy of warfarin 


Magnesium Magnesium-containing antacids may decrease the anticoagulant efficacy of 
warfarin 
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Disease 


Alzheimer disease 


Asthma 
Autoimmune disease 


Cancer (general) 


Breast cancer 


Colorectal cancer 


Gastric cancer 
Gastroesophageal cancer 


Leukemia (acute 
promyelotic) 


Lung cancer 


Prostate cancer 


Thyroid cancer 


Chapter section 


Prevention 
Treatment 


Safety 
Treatment 
Prevention 


Prevention 


Treatment 


Prevention 


Prevention 


Safety 
Prevention 
Prevention 


Treatment 


Prevention 
Prevention 
Safety 


Prevention 


Nutrient 


Folic acid 
Vitamin B42 
Thiamin 
Vitamin E 
iron 
Magnesium 
Vitamin D 
Folic acid | 
Niacin 
Vitamin B42 
Vitamin C 
Vitamin D 
Vitamin E 
Selenium 
Thiamin 
Vitamin C 
Vitamin E 
Folic acid 
Vitamin A 
Vitamin B42 
Vitamin D 
Folic acid 
Vitamin D 
Calcium 
Iron 
Sodium chloride 
Molybdenum 
Vitamin A 


Vitamin A 
Vitamin D 
Calcium 


lodine 
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Pages 
13 
65-66 
38 
100-101 
166 

174 
89-90 
12 
19-20 
64 
72-73 
88-89 
59 
206-208 
39 

75 

101 

12 
45-46 
64-65 
88-89 
12 

88 

118 
165-166 
216 
188-189 
46 


45 
89 

124 
152 
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Disease Chapter section Nutrient Pages 
Cardiovascular diseases Prevention Folic acid 11-12 
(general) Vitamin Bg 93-54 
Vitamin B42 64 
Vitamin C 71-72 
Vitamin E 98 
Vitamin K 111-112 
Chromium 130 
Copper 137-138 
Magnesium 171 
Selenium 208-209 
Sodium chloride 219 
Treatment Thiamin 38-39 
Vitamin C 74-75 
Vitamin E 99-100 
Magnesium 173 
Safety Iron 165 
Atherosclerosis Prevention Vitamin E 98 
Copper 137-138 
Treatment Vitamin C 74 
Vitamin E 99-100 
Safety Iron 165 
Cardiac arrhythmias Deficiency Potassium ISy 
Safety Potassium 200 
Congestive heart failure Deficiency Thiamin 38-39 
Potassium 197 
Treatment Thiamin 38-39 
Vitamin C 74 
Safety Sodium chloride 219-220 
Coronary heart disease Prevention Vitamin C 71-72 
Magnesium 171 
Treatment Vitamin C 74 
Safety Iron 165 
High blood pressure see 
Hypertension 
High homocysteine Prevention Folic acid 11-12 
Vitamin Be 53-54 
Vitamin B,» 64 
High total and LDL-choles- Treatment Niacin 21 
terol Pantothenic acid 27-28 
High triglycerides Treatment Niacin 21 
Low HDL-cholesterol Treatment Niacin 21 


Disease 


Chapter section 


Quick Reference to Diseases 


A 


Myocardial infarction 


Stroke 


Carpal tunnel syndrome 


Cataracts 


Celiac disease 


Common cold 


Dementia 


Dental caries (cavities) 


Depression 


Diabetes mellitus 


Type 1 


Type 2 


Prevention 


Treatment 


Safety 


Prevention 


Treatment 


Prevention 


Deficiency 


Treatment 


Deficiency 


Prevention 
Treatment 
Prevention 
Deficiency 
Prevention 
Treatment 
Prevention 


Treatment 


Prevention 


Treatment 


Safety 


Nutrient Pages 
Vitamin C 71 
Vitamin E 98 
Copper 138 
Selenium 208-209 
Niacin 21 
Vitamin E 99-100 
Magnesium 173 
Iron 165 
Vitamin C 72 
Potassium | 197-198 
Vitamin Bg 56 
Riboflavin 33 
Thiamin 38 
Vitamin C 73 
Vitamin E 98-99 
Vitamin B42 62 
Copper 137 
Iron 160 
Magnesium 170 
Zinc 225 
Vitamin C 76 

Zinc 228 
Vitamin B42 62 

Folic acid 13 
Vitamin B42 65-66 
Vitamin E 100-101 
Fluoride 143 
Vitamin Bg 52-53 
Vitamin By. 66 
Vitamin Bg 56 
Niacin 20 
Vitamin D 89 
Biotin 3 

Zinc 229 
Chromium 130 
Manganese 181 
Selenium 209 
Biotin 3 
Vitamin C 75-76 
Vitamin E 100 
Chromium 131 
Magnesium 173-174 
Zinc 229 
Iron 166 
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Disease Chapter section Nutrient Pages 
Gout Prevention Vitamin C 73 
Growth/developmental Prevention Iron 161 
delays Zinc 226 
HIV/AIDS Treatment Niacin 21 
Selenium 209 
Zinc 229 
Hypercholesterolemia Treatment Niacin 21 
Pantothenic acid 27-28 
Hypertension Prevention Magnesium 170-171 
Sodium chloride 217-219 
Vitamin D 90 
Treatment Vitamin C 74-75 
Calcium 121 
Magnesium 172 
Potassium 199 
Sodium chloride 217-219 
Immunity, impaired Prevention Vitamin Be 54 
Vitamin E 99 
Copper 138-139 
Iron 161-162 
Selenium 206 
Zinc 227 
Kidney stones (nephroli- Prevention Vitamin Bg 55 
thiasis) Calcium 119-120 
Potassium 198-199 
Sodium chloride 217 
Safety Vitamin C 78 
Lead toxicity Prevention Vitamin C 73-74 
Calcium 120-121 
Iron 161 
Macular degeneration Treatment Zinc 229 
Migraine Treatment Riboflavin 33 
Magnesium 174 
Osteoporosis Prevention Vitamin D 87-88 
Vitamin K 110-111 
Calcium 118-119 
Copper 139 
Fluoride 143-144 
Magnesium WieVeZ 
Manganese 181 
Potassium 198 
Sodium chloride 216-217 
Treatment Fluoride 144 


Quick Reference to Diseases 


Disease Chapter section Nutrient Pages 
Pregnancy complications Prevention Folic acid 10-11 
(iene Iron 161 

Zinc 227-228 
Gestational diabetes Treatment Chromium 131-132 
Morning sickness Treatment Vitamin Be 56 
Multiple sclerosis Prevention Vitamin D 89-90 
Neural tube defects Prevention Folic acid 10 

Vitamin B42 65 
Other birth defects Prevention Biotin 3 

Safety Vitamin A 48-49 
Pre-eclampsia—eclampsia Prevention Calcium 120 
Treatment Magnesium 172-173 

Premenstrual syndrome Treatment Calcium 121 

Vitamin Bg 55-56 
Restless legs syndrome Treatment Iron 162 
Retinitis pigmentosa Treatment Vitamin A 46 
Rheumatoid arthritis Prevention Vitamin D 89-90 
Seizure disorders Prevention Manganese 181 
(epilepsy) 
Stroke Prevention Potassium 197-198 

Vitamin C 72 


HDL, high-density lipoprotein; LDL, low-density lipoprotein. 
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Glossary 


Acetylation: the addition of an acetyl group 
(-COCH3) group to a molecule. 


Acidic: having a pH of less than 7. 
Acute: having a short and relatively severe course. 


Adjunct therapy: a treatment or therapy used in 
addition to another, not alone. 


Adrenal glands: a pair of small glands, located 
above the kidneys, consisting of an outer cortex 
and inner medulla. The adrenal cortex secretes 
cortisone-related hormones and the adrenal me- 
dulla secretes epinephrine (adrenaline) and nor- 
epinephrine (noradrenaline). 


Al: adequate intake. Established by the Food and 
Nutrition Board of the US Institute of Medicine, 
the AI is a recommended intake value based on 
observed or experimentally determined esti- 
mates of nutrient intake by a group of healthy 
people that are assumed to be adequate. An Al is 
established when an RDA cannot be determined. 


AIDS: acquired immune deficiency syndrome. 
AIDS is caused by the virus HIV (human immu- 
nodeficiency virus), which attacks the immune 
system, leaving the infected individual vulnera- 
ble to opportunistic infections. 


Alkaline: basic; having a pH of more than 7. 


Allele: one of a set of alternative forms of a gene. 
Diploid cells possess two homologous chromo- 
somes (one derived from each parent) and there- 
fore two copies of each gene. In a diploid cell, a 
gene will have two alleles, each occupying the 
same position on homologous chromosomes. 


Alzheimer disease: the most common cause of 
dementia in older adults. Alzheimer disease is 
characterized by the formation of amyloid plaque 
in the brain and nerve cell degeneration. Symp- 
toms include memory loss and confusion, which 
worsen over time. 


Amino acids: organic (carbon-containing) mole- 
cules that serve as the building blocks of pro- 
teins. 


Anaerobic: refers to the absence of oxygen or the 
absence of a need for oxygen. 


Analog: a chemical compound that is structurally 
similar to another but differs slightly in composi- 
tion (e.g, the replacement of one functional 
group by another). 


Anaphylaxis: a rapidly developing and severe sys- 
temic allergic reaction. Symptoms may include 
swelling of the tongue, throat, and trachea, which 
can result in difficulty breathing, shock, and loss 
of consciousness. If not treated rapidly, anaphy- 
laxis can be fatal. 


Anemia: the condition of having less than the 
normal number of red blood cells or amount of 
hemoglobin in the blood, resulting in diminished 
oxygen transport. Anemia has many causes, in- 
cluding: iron, vitamin By, or folate deficiency, 
bleeding, abnormal hemoglobin formation (e.g., 
sickle cell anemia), rupture of red blood cells (he- 
molytic anemia), and bone marrow diseases. 


Anencephaly: a birth defect, known as a neural 
tube defect, resulting from failure of the upper 
end of the neural tube to close during embryonic 
development. Anencephaly is a devastating and 
sometimes fatal birth defect resulting in the ab- 
sence of most or all of the cerebral hemispheres 
of the brain. 


Angina pectoris: pain generally experienced in 
the chest, but sometimes radiating to the arms or 
jaw, due to a lack of oxygen supply to the heart 
muscle. 


Angiogenesis: the development of new blood 
vessels. 


Angiography (coronary): imaging of the coronary 
arteries used to identify the location and severity 
of any obstructions. Coronary angiography typi- 
cally involves the administration of a contrast 
medium and imaging of the coronary arteries us- 
ing an X-ray-based technique. 


Anion: a negatively charged ion. 


Antagonist: a substance that counteracts or nul- 
lifies the biological effects of another, such as a 
compound that binds to a receptor but does not 
elicit a biological response. 


Antibodies: specialized proteins produced by 
white blood cells (lymphocytes) that recognize 
and bind to foreign proteins or pathogens in 


Glossary 


ese A 


order to neutralize them or mark them for de- 
struction. 


Anticoagulant: a class of compounds that inhibit 
blood clotting. 


Anticonvulsant: a class of medication used to 
prevent seizures. 


Antigen: a substance that is capable of eliciting 
an immune response. 


Antihistamine: a chemical that blocks the affect 
of histamine in susceptible tissues. Histamine is 
released by immune cells during an allergic reac- 
tion and also during infection with viruses that 
cause the common cold. The interaction of hista- 
mine with the mucous membranes of the eyes 
and nose results in “watery eyes” and the “runny 
nose” often accompanying allergies and colds. 
Antihistamines can help alleviate such symp- 
toms. 


Antimicrobial: capable of killing or inhibiting the 
growth of microorganisms, such as bacteria. 


Antioxidant: any substance that prevents or re- 
duces damage caused by reactive oxygen species 
or reactive nitrogen species. 


Antiresorptive agents: medications or hormones 
that inhibit bone resorption. 


Apoptosis: gene-directed cell death or pro- 
grammed cell death that occurs when age, condi- 
tion, or state of cell health dictates. Cells that die 
by apoptosis do not usually elicit the inflamma- 
tory responses that are associated with necrosis. 
Cancer cells are resistant to apoptosis. 


Arrhythmia: an abnormal heart rhythm. The 
heart rhythm may be too fast (tachycardia), too 
slow (bradycardia), or irregular. Some arrhyth- 
mias, such as ventricular fibrillation, may lead to 
cardiac arrest if not treated promptly. 


Asthma: a chronic inflammatory disease of the 
airways, characterized by recurrent episodes of 
reversible airflow obstruction. 


Ataxia: a lack of coordination or unsteadiness 
usually related to a disturbance in the cerebel- 
lum, a part of the brain that regulates coordina- 
tion and equilibrium. 


Atherogenic: capable of producing atherosclero- 
sis. 


Atherosclerosis: an inflammatory disease result- 
ing in the accumulation of cholesterol-laden 
plaque in artery walls. Rupture of atherosclerotic 
plaque results in clot formation, which may cause 
myocardial infarction or ischemic stroke. 


ATP: adenosine triphosphate. An important com- 
pound for the storage of energy in cells, as well as 
the synthesis of nucleic acids. 


Atrial fibrillation: a cardiac arrhythmia, charac- 
terized by rapid, uncoordinated beating of the 
atria, which results in ineffective atrial contrac- 
tions. Atrial fibrillation is known as a supraven- 
tricular arrhythmia because it originates above 
the ventricles. 


Atrophic gastritis: a chronic inflammation of the 
lining of the stomach, which ultimately results in 
the loss of glands in the stomach (atrophy) and 
decreased stomach acid production. 


Atrophy: decrease in size or wasting away of a 
body part or tissue. 


Autoimmune disease: a condition in which the 
body’s immune system reacts against its own tis- 
sues. 


Bacteria: single-celled organisms that can exist 
independently, symbiotically (in cooperation 
with another organism), or parasitically (depen- 
dent on another organism, sometimes to the det- 
riment of the other organism). Examples of bac 
teria include Lactobacillus acidophilus (found in 
yogurt), streptococci, the cause of a strep throat, 
and Escherichia coli (a normal intestinal bacteri- 
um, as well as a disease-causing agent). 


Balance study: a nutritional balance study in- 
volves the measurement of the intake of a spe- 
cific nutrient as well as the elimination of that 
nutrient in urine, feces, sweat, etc. If intake is 
greater than loss of a particular nutrient, the in- 
dividual is said to be in “positive balance.” If in- 
take is less than loss, an individual is said to be in 
“negative balance” for the nutrient of interest. 


Bias: any systematic error in an epidemiological 
study that results in an incorrect estimate of the 
association between an exposure and a disease 
risk. 


Bile: a yellow, green fluid made in the liver and 
stored in the gallbladder. Bile may then pass 
through the common bile duct into the small 
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intestine where some of its components aid in 
the digestion of fat. 


Bile acids: components of bile, which are formed 
by the metabolism of cholesterol, and which aid 
in the digestion of fats. 


Bioavailability: the fraction of an administered 
compound that reaches the systemic circulation 
and is transported to the site of action (target 
tissue), 


Biomarker: a physical, functional, or biochemical 
indicator of a physiological or disease process. 


Body mass index (BMI): body weight in kilograms 
divided by height in meters squared. In adults, 
BMI is a measure of body fat: underweight < 18.5; 
normal weight 18.5-24.9; overweight 25-29.9; 
obese > 30, 


Bone mineral density (BMD): the amount of min- 
eral in a given area of bone. BMD is positively as- 
sociated with bone strength and resistance to 
fracture, and measurements of BMD are used to 
diagnose osteoporosis. 


Bone remodeling: the continuous turnover pro- 
cess of bone that includes bone resorption and 
bone formation. An imbalance in the regulation 
of the two contrasting events of bone remodeling 
(bone resorption and bone formation) increases 
the fragility of bone and may lead to osteoporosis. 


Buffer: a chemical used to maintain the pH of a 
system by absorbing hydrogen ions (which would 
make it more acidic) or hydroxyl ions (which 
would make it more alkaline). 


Calcification: the process of deposition of calcium 
salts. In the formation of bone this is a normal 
condition. In other organs, this could be an ab- 
normal condition, for example, calcification of 
the aortic valve causes narrowing of the passage 
(aortic stenosis). 


Cancer: refers to abnormal cells that have a ten- 
dency to grow uncontrollably and metastasize or 
spread to other areas of the body. Cancer can in- 
volve any tissue of the body and can have differ- 
ent forms in one tissue. Cancer is a group of more 
than 100 different diseases. 


Carbohydrate: considered a macronutrient be- 
cause carbohydrates provide a significant source 
of calories (energy) in the diet. Chemically, car- 
bohydrates are neutral compounds composed of 


carbon, hydrogen, and oxygen. Carbohydrates 
come in simple forms known as sugars and com- 


' plex forms, such as starches and fiber. 


Carboxylation: the introduction of a carboxyl 
group (-COOH) or carbon dioxide into a com- 
pound. z 


Carcinogen: a cancer-causing agent; adjective: 
carcinogenic. 


Carcinogenesis: the formation of cancer cells 
from normal cells. 


Carcinoid syndrome: the pattern of symptoms 
exhibited by individuals with carcinoid tumors. 
Carcinoid tumors secrete excessive amounts of 
the neurotransmitter, serotonin. Symptoms may 
include flushing, diarrhea, and sometimes 
wheezing. 


Cardiomyopathy: literally, disease of the heart 
muscle that often leads to abnormal function. 


Cardiovascular: referring to the heart and blood 
vessels. 


Cardiovascular diseases: literally, diseases affect- 
ing the heart and blood vessels. The term has 
come to encompass a number of conditions that 
result from atherosclerosis, including myocardial 
infarction (heart attack), congestive heart failure, 
and stroke. 


Carnitine: a compound that is required to trans- 
port long chain fatty acids across the inner mem- 
brane of the mitochondria, in the form of acylcar- 
nitine, where they can be metabolized for energy. 


Carotid arteries: the left and right common ca- 
rotid arteries are the principal blood vessels that 
supply oxygenated blood to the head and neck. 
Each has two main branches, the external and in- 
ternal carotid arteries. 


Cartilage: a soft, elastic tissue that composes 
most of the skeleton of vertebrate embryos and, 
except for a small number of structures, is re- 
placed by bone during ossification in the higher 
vertebrates. Cartilage cushions joints, connects 
muscles with bones, and makes up other parts of 
the body such as the larynx (voice box) and the 
outside portion of the ears. 


Case-control study: a study in which exposures 
of people who have been diagnosed with a dis- 
ease (cases) are compared to those of people 
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without the disease (controls). The results of 
case-control studies are more likely to be dis- 
torted by bias in the selection of cases and con- 
trols (selection bias) and dietary recall (recall 
bias) than prospective cohort studies. 


Case reports: individual observations based on 
small numbers of individuals. This type of re- 
search cannot indicate causality but may indicate 
areas for further research. 


Catabolism: the breakdown of complex mole- 
cules into smaller ones, accompanied by the re- 
lease of energy. 


Catalyze: increase the speed of a chemical reac- 
tion without the catalyst being changed in the 
overall reaction process (see Enzyme). 


Cataract: clouding of the lens of the eye. As cata- 
racts progress, they can impair vision. 


Catecholamines: substances with a specific 
chemical structure (a benzene ring with two ad- 
jacent hydroxyl groups and a side chain of ethyl- 
amine) that function as hormones or neurotrans- 
mitters. Examples include epinephrine, norepi- 
nephrine, and dopamine. 


Cation: a positively charged ion. 


Celiac disease: also known as celiac sprue, celiac 
disease is an inherited disease in which the intes- 
tinal lining is inflamed in response to the inges- 
tion of a protein known as gluten. Treatment of 
celiac disease involves the avoidance of gluten, 
which is present in many grains, including wheat, 
rye, oats, and barley. Inflammation and atrophy 
of the lining of the small intestine lead to im- 
paired nutrient absorption. 


Cell membrane: also called a plasma membrane, 
the barrier that separates the contents of a cell 
from its outside environment and controls what 
moves in and out of the cell. A mammalian cell 
membrane consists of a phospholipid bilayer 
with embedded proteins and cholesterol. 


Cell signaling: communication among individual 
cells so as to coordinate their behavior to benefit 
the organism as a whole. Cell-signaling systems 
elucidated in animal cells include cell-surface 
and intracellular receptor proteins, GTP-binding 
proteins, as well as protein kinases and protein 
phosphatases (enzymes that phosphorylate and 
dephosphorylate proteins). 


Central nervous system (CNS): the brain, spinal 
cord, and spinal nerves. 


Cerebrospinal fluid: the fluid that bathes the 
brain and spinal cord. 


Cerebrovascular disease: disease involving the 
blood vessels supplying the brain, including cere- 
brovascular accidents (CVAs), also known as 
strokes. 


Cervical intraepithelial neoplasia (CIN): a term 
used to describe abnormal growth of cells on the 
surface of the uterine cervix. CIN1 is also known 
as low-grade squamous intraepithelial lesion 
(LSIL). CIN2 and CIN3 are also known as high- 
grade squamous intraepithelial lesions (HSILs). 
Although these abnormal cells are not cancerous, 
they may progress to cervical cancer. 


Chelate: the combination of a metal with an or- 
ganic molecule to form a ringlike structure 
known as a chelate. Chelation of a metal may in- 
hibit or enhance its bioavailability. 


Chemotaxis: movement of a cell or organism to- 
ward or away from a chemical stimulus. 


Chemotherapy: literally, treatment with drugs. 
Commonly used to describe the systemic use of 
drugs to kill cancer cells, as a form of cancer 
treatment. 


Cholestatic liver disease: liver disease resulting in 
the cessation of bile excretion. Cholestasis may 
occur in the liver, gallbladder, or bile duct (duct 
connecting the gallbladder to the small intes- 
tine). 


Cholesterol: a compound that is an integral struc 
tural component of cell membranes and a pre- 
cursor in the synthesis of steroid hormones. Die- 
tary cholesterol is obtained from animal sources, 
but cholesterol is also synthesized by the liver. 
Cholesterol is carried in the blood by lipopro- 
teins. In atherosclerosis, cholesterol accumulates 
in plaques on the walls of some arteries. 


Cholinergic: resembling acetylcholine in action, a 
cholinergic drug, for example. Cholinergic nerve 
fibers liberate or are activated by the neurotrans- 
mitter, acetylcholine. 


Chorionic villous sampling (CVS): a procedure for 
obtaining a small sample of tissue from the pla- 
centa (chorionic villi) for the purpose of prenatal 
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diagnosis of genetic disorders. CVS can be per- 
formed between 9 and 12 weeks of pregnancy. 


Chromatin: complex of DNA, RNA, and proteins 
that make up chromosomes. 


Chromosome: a structure in the nucleus of a cell 
that contains genes. Chromosomes are composed 
of DNA and associated proteins. Normal human 
cells contain 46 chromosomes (22 pairs of auto- 
somes and 2 sex chromosomes). 


Chronic disease: an illness lasting a long time. By 
definition of the US Center for Health Statistics, a 
chronic disease is a disease lasting 3 months or 
more. 


Cirrhosis: a condition characterized by irrevers- 
ible scarring of the liver, leading to abnormal 
liver function. Cirrhosis has a number of different 
causes, including chronic alcohol use and viral 
hepatitis B and C. 


Clinical trial: an intervention trial generally used 
to evaluate the efficacy and/or safety of a treat- 
ment or intervention in human participants. 


Coagulation: the process involved in blood clot 
formation. 


Coenzyme: a molecule that binds to an enzyme 
and is essential for its activity, but is not perma- 
nently altered by the reaction. Many coenzymes 
are derived from vitamins. 


Cofactor: a compound that is essential for the ac 
tivity of an enzyme. 


Cognitive: an adjective referring to the processes 
of thinking, learning, perception, awareness, and 
judgment. 


Cohort: a group of people who are followed over 
time as part of an epidemiological study. 


Cohort study: a study that follows a large group 
of people over a long period of time, often 10 
years or more, In cohort studies, dietary informa- 
tion is gathered before disease occurs, rather 
than relying on recall after disease develops. 


Collagen: a fibrous protein that is the basis for the 
structure of skin, tendon, bone, cartilage and all 
other connective tissue. 


Collagenous matrix (of bone): the organic (non- 
mineral) structural element of bone. Collagen is a 


fibrous protein that provides the organic matrix 
upon which bone minerals crystallize. 


Colon: the portion of the large intestine that ex- 
tends from the end of the small intestine to the 
rectum. The colon‘removes water from digested 
food after it has passed through the small intes- 
tine and stores the remaining stool until it can be 
evacuated, 


Colorectal adenoma: a polyp or growth in the lin- 
ing of the colon or rectum. Although they are not 
cancerous, colorectal adenomas may develop 
into colorectal cancer over time. 


Colorectal cancer: cancer of the colon (large in- 
testine) or rectum. 


Complement: system of serum proteins that 
function to help destroy invading microorgan- 
isms. 


Concomitant: accompanying. “Concomitant in- 
take” refers to the intake of two compounds at 
the same time. 


Congenital hypothyroidism: deficiency of thyroid 
gland activity in newborn infants. 


Congestive heart failure (CHF): a condition, in 
which the heart loses the ability to pump blood 
efficiently enough to meet the demands of the 
body. Symptoms may include edema (swelling), 
shortness of breath, weakness, and exercise in- 
tolerance. 


Cornea: the transparent covering of the front of 
the eye that transmits and focuses light into the 
eye, 


Coronary artery: one of the vessels that supply 
oxygenated blood to the heart muscle itself. They 
are called coronary arteries because they encircle 
the heart in the form of a crown. 


Coronary heart disease (CHD): also known as 
coronary artery disease and coronary disease, 
CHD is the result of atherosclerosis of the coro- 
nary arteries. Atherosclerosis may result in nar- 
rowing or blockage of the coronary arteries and 
is the underlying cause of myocardial infarction 
(heart attack). 


Creatine phosphate: a high-energy compound 
found in muscle cells that is used to convert ADP 
into ATP by donating phosphate molecules to the 
ADP. ATP is the molecule that is converted into 


Glossary 


eee es eee 


ADP with release of energy that the body then 
uses. 


Cretinism: a condition that can result from a se- 
vere form of congenital hypothyroidism. Cretin- 
ism occurs in two forms, although there is con- 
siderable overlap. The neurological form is char- 
acterized by learning disability, physical retarda- 
tion, and deafness. It is the result of maternal 
iodine deficiency that affects the fetus before its 
own thyroid is functional. The myxedematous or 
hypothyroid form is characterized by short stat- 
ure and learning disability. In addition to iodine 
deficiency, the hypothyroid form has been asso- 
ciated with selenium deficiency and the presence 
of goitrogens in the diet that interfere with thy- 
roid hormone production. 


Crohn disease: an inflammatory bowel disease 
that usually affects the lower part of the small 
intestine or upper part of the colon, but may af- 
fect any part of the gastrointestinal tract. 


Crossover trial: a clinical trial in which at least 
two interventions or treatments are applied to 
the same individuals after an appropriate wash- 
out period. One of the treatments is often a pla- 
cebo. In a randomized crossover design, interven- 
tions are applied in a randomized order to ensure 
that the order of treatments did not contribute to 
the outcome. 


Cross-sectional study: a study of a group of peo- 
ple at one point in time to determine whether an 
exposure is associated with the occurrence of a 
disease. As the disease outcome and the expo- 
sure (e.g., nutrient intake) are measured at the 
same time, a cross-sectional study provides a 
“snapshot” view of their relationship. Cross-sec- 
tional studies cannot provide information about 
causality. 


Cystic fibrosis (CF): a hereditary disease caused 
by mutations in the cystic fibrosis transmem- 
brane conductance regulator (CFTCR) gene. Cystic 
fibrosis is characterized by the production of ab- 
normal secretions, leading to the accumulation 
of mucus in the lungs, pancreas, and intestine. 
This build-up of mucus causes difficulty breath- 
ing and recurrent lung infections, as well as prob- 
lems with nutrient absorption due to problems 
in the pancreas and intestines. 


Cytochrome P450 (CYP): a family of phase I bio- 
transformation enzymes that play an important 


role in the metabolism and elimination of drugs, 
toxins, carcinogens, and endogenous compounds, 
such as steroid hormones. 


Cytokine: a protein made by cells that affects the 
behavior of other cells. Cytokines act on specific 
cytokine receptors in the cells that they affect. 


Cytoplasm: the contents of a cell, excluding the 
nucleus. 


Cytosol: the water-soluble contents of a cell’s cy- 
toplasm, excluding the organelles. 


Decarboxylation: a chemical reaction involving 
the removal of a carboxyl (-COOH) group froma 
compound. 


Dementia: significant impairment of intellectual 
abilities such as attention, orientation, memory, 
judgment, or language. By definition, dementia is 
not due to major depression or psychosis. Al- 
zheimer disease is the most common cause of 
dementia in older adults. 


Dental caries: cavities or holes in the outer two 
layers of a tooth—the enamel and the dentin. 
Dental caries are caused by bacteria that metabo- 
lize carbohydrates (sugars) to form organic acids, 
which dissolve tooth enamel. 


Depletion-repletion study: a nutritional study 
designed to determine the requirement for a spe- 
cific nutrient. Generally, participants are placed 
on a diet designed to deplete them of a specific 
nutrient over time. Once depletion is achieved, 
gradually increasing amounts of the nutrient un- 
der study are added to the diet until the individ- 
ual shows evidence of sufficiency or repletion. 


Dermatitis: inflammation of the skin. This term is 
often used to describe a skin rash. 


DEXA: dual energy X-ray absorptiometry. A pre- 
cise instrument that uses the energy from very 
small doses of X-rays to determine BMD and to 
diagnose and follow the treatment of osteoporo- 
sis. 


Diabetes mellitus: a chronic metabolic disease, 
characterized by abnormally high blood glucose 
(sugar) levels, resulting from the inability of the 
body to produce or respond to insulin. Type 1 dia- 
betes mellitus, formerly known as insulin-de- 
pendent or juvenile-onset diabetes, is usually the 
result of autoimmune destruction of the insulin- 
secreting p cells of the pancreas. The most com- 
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mon form of diabetes is type 2 diabetes mellitus, 
formerly known as noninsulin-dependent or 
adult-onset diabetes, which develops when the 
tissues of the body become less sensitive to insu- 
lin secreted by the pancreas. 


Diabetic ketoacidosis: a potentially life-threaten- 
ing condition characterized by ketosis (elevated 
levels of ketone bodies in the blood) and acidosis 
(increased acidity of the blood). Ketoacidosis oc- 
curs when diabetes is not adequately controlled. 


Dialysis: a medical procedure to filter waste 
products from the blood. Dialysis is needed to 
perform the work of the kidneys if they can no 
longer function effectively. Two types of dialysis 
are hemodialysis and peritoneal dialysis. 


Diastolic blood pressure: the lowest arterial 
blood pressure during the heart beat cycle, and 
the second number in a blood pressure reading 
(e.g., 120/80). 


Differentiation: changes in a cell resulting in its 
specialization for specific functions, such as 
those of a nerve cell. In general, differentiation of 
cells leads to a decrease in proliferation. 


Diffusion: a passive process, in which particles in 
solution move from a region of higher concentra- 
tion to one of lower concentration. 


Dimer: a complex of two molecules, usually pro- 
teins. Heterodimers are complexes of two differ- 
ent molecules, whereas homodimers are com- 
plexes of two of the same molecule. 


Diuretic: an agent that increases the formation of 
urine by the kidneys, resulting in water loss from 
the individual using the diuretic. 


Diverticulitis: inflammation or infection of diver- 
ticula in the colon, characterized by abdominal 
pain, fever, and constipation. 


DNA: deoxyribonucleic acid; a double-stranded 
nucleic acid composed of many nucleotides. The 
nucleotides in DNA are each composed of a nitro- 
gen-containing base (adenine, guanine, cytosine, 
or thymine), a five-carbon sugar (deoxyribose), 
and a phosphate group. The sequence of bases in 
DNA encodes the genetic information required to 
synthesize proteins. 


Double-blind: refers to a study in which neither 
the investigators administering the treatment 
nor the participants know who is receiving the 


experimental treatment and who is receiving the 
placebo. 


DRI: dietary reference intake. Refers to a set of at 
least four nutrient-based reference values (RDA, 
Al, UL, EAR), each with a specific use in defining 
recommended dietary intake levels for individual 
nutrients in the United States. The DRIs are de- 
termined by expert panels appointed by the Food 
and Nutrition Board of the Institute of Medicine. 


DV: daily value. Refers to the dietary reference 
values required as the basis for declaring nutrient 
content on all products regulated by the US Food 
and Drug Administration (FDA), including nutri- 
tional supplements. The DVs for vitamins and 
minerals reflect the National Academy of 
Sciences’ 1968 RDAs, and do not reflect the most 
up-to-date DRIs. 


Dyslipidemia: a disorder of lipoprotein metabo- 
lism. 


EAR: estimated average requirement. A nutrient 
intake value that is estimated to meet the re- 
quirement of half the healthy individuals in a 
particular life stage and gender group. 


Echocardiography: a diagnostic test that uses ul- 
trasound to make images of the heart. It can be 
used to assess the health of the valves and cham- 
bers of the heart, as well as to measure cardiac 
output. 


Ecological study: an epidemiological study that 
examines the relationships between exposures 
and disease rates in a series of populations (e.g., 
different countries). Ecological studies often rely 
on published statistics, such as food disappear- 
ance data or disease-specific death rates. 


Edema: swelling; accumulation of excessive fluid 
in subcutaneous tissues (beneath the skin). 


Electroencephalogram (EEG): a recording of the 
electrical activity of the brain, used to diagnose 
neurological conditions such as seizure disorders 
(epilepsy). 


Electrolytes: ionized (dissociated into positive 
and negative ions) salts in the body fluids. Major 
electrolytes in the body include sodium, potas- 
sium, magnesium, calcium, chloride, bicarbon- 
ate, and phosphate. 


Electron: a stable atomic particle with a negative 
charge. 
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Electron transport chain: a group of electron car- 
riers in mitochondria that transport electrons to 
and from each other in a sequence, in order to 
generate ATP. 


Element: one of the 103 chemical substances that 
cannot be divided into simpler substances by 
chemical means, for example, hydrogen, magne- 
sium, lead, and uranium are all chemical ele- 
ments. Trace elements are chemical elements 
that are required in very small (trace) amounts in 
the diet to maintain health, for example, copper, 
selenium, and iodine. 


Enamel: the hard, white, outermost layer of a 
tooth. 


Endocrine system: the glands and parts of glands 
that secrete hormones that integrate and control 
the body’s metabolic activity. Endocrine glands 
include the pituitary, thyroid, parathyroids, adre- 
nals, pancreas, ovaries, and testes. 


Endogenous: arising from within the body. En- 
dogenous synthesis refers to the synthesis of a 
compound by the body. 


Endotoxin: toxins released by certain bacteria. 


Enzyme: a biological catalyst, that is, a substance 
that increases the speed of a chemical reaction 
without being changed in the overall process. En- 
zymes are vitally important to the regulation of 
the chemistry of cells and organisms. 


Epidemiological study: a study examining dis- 
ease occurrence in a human population. 


Epilepsy: also known as seizure disorder. Indi- 
viduals with epilepsy experience seizures, which 
are the result of uncontrolled electrical activity 
in the brain. A seizure may cause a physical con- 
vulsion, minor physical signs, thought distur- 
bances, or a combination of symptoms. 


Epithelium: layer of cells that lines a body cavity 
or covers an external surface of the body. 


Erythropoietin: a hormone produced by special- 
ized cells in the kidneys that stimulates the bone 
marrow to increase the production of red blood 
cells. Recombinant erythropoietin is used to treat 
anemia in patients with end-stage renal failure. 


Esophagus: the portion of the gastrointestinal 
tract that connects the throat (pharynx) to the 
stomach. 


Ester: the product of a reaction between a car- 
boxylic acid and an alcohol involving the elimina- 
tion of water. For example, a cholesterol ester is 
the product of a reaction between a fatty acid 
and cholesterol. 


Estrogen: hormones that bind to estrogen recep- 
tors in the nuclei of cells and promote the tran- 
scription of estrogen-responsive genes. Endoge- 
nous estrogens are steroid hormones produced 
by the body. Exogenous estrogens are synthetic 
or natural compounds that have estrogenic activ- 
ity (i.e., bind the estrogen receptor and promote 
estrogen-responsive gene transcription). 


Etiology: the causes or origin of a disease. 


Excretion: the elimination of waste from blood or 
tissues. 


Extracellular fluid (ECF): the volume of body fluid 
excluding that in cells. ECF includes the fluid in 
blood vessels (plasma) and the fluid between 
cells (interstitial fluid). 


Familial adenomatous polyposis: a hereditary 
syndrome characterized by the formation of 
many polyps in the colon and rectum, some of 
which may develop into colorectal cancer. 


Fatty acid: an organic acid molecule consisting of 
a chain of carbon molecules and a carboxylic acid 
(-COOH) group. Fatty acids are found in fats, oils, 
and as components of a number of essential lip- 
ids, such as phospholipids and triglycerides. Fat- 
ty acids can be burned by the body for energy. 


Femoral neck: a portion of the thighbone (femur). 
The femoral neck is found near the hip, at the 
base of the head of femur, which makes up the 
ball of the hip joint. Fractures of the femoral neck 
sometimes occur in individuals with osteoporo- 
Sis. 


Fermentation: an anaerobic process that involves 
the breakdown of dietary components to yield 
energy. 


Fibrocystic breast condition (FCC): a benign (non- 
cancerous) condition of the breasts, character- 
ized by lumpiness and discomfort in one or both 
breasts. 


Fortification: the addition of nutrients to foods to 
prevent or correct a nutritional deficiency, to bal- 
ance the total nutrient profile of food, or to re- 
store nutrients lost in processing. 
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Fracture: a break in a bone or cartilage, often but 
not always the result of trauma. 


Free radical: a very reactive atom or molecule 
typically possessing a single unpaired electron. 


Fructose: a very sweet six-carbon sugar abundant 
in plants. Fructose is increasingly common in 
sweeteners such as high-fructose corn syrup. 


Gallbladder: a small sac adjacent to the liver. The 
gallbladder stores bile, which is secreted by the 
liver, and releases it into the small intestine 
through the common bile duct. 


Gallstones: crystals formed by the precipitation 
of cholesterol or bilirubin in the gallbladder. Gall- 
stones may be asymptomatic (without symp- 
toms) or they may result in inflammation and 
infection of the gallbladder. 


Gastroesophageal reflux disease (GERD): a condi- 
tion in which stomach contents, including acid, 
back up (reflux) into the esophagus, causing in- 
flammation and damage to the esophagus. GERD 
can lead to scarring of the esophagus, and may 
increase the risk of cancer of the esophagus in 
some patients. 


Gastrointestinal: referring to or affecting the di- 
gestive tract, which includes the mouth, pharynx 
(throat), esophagus, stomach, and intestines. 


Gene: a region of DNA that controls a specific he- 
reditary characteristic, usually corresponding to 
a single protein. 


Gene expression: the process by which the infor- 
mation coded in genes (DNA) is converted to pro- 
teins and other cellular structures. Expressed 
genes include those that are transcribed to mes- 
senger RNA and translated to protein, as well as 
those that are only transcribed to RNA (e.g., ribo- 
somal and transfer RNAs). 


Genome: all of the genetic information (encoded 
in DNA) possessed by an organism. 


Gestation: the period of time between fertiliza- 
tion and birth. In humans, normal gestation is 
about 40 weeks. 


Gluconeogenesis: the production of glucose from 
noncarbohydrate precursors, such as amino acids 
(the building blocks of proteins). 


Glucose: a six-carbon sugar that plays a major 
role in the generation of energy for living organ- 
isms. 


Glucose tolerance: the ability of the body to 
maintain normal glucose levels when challenged 
with a carbohydrate load (see Impaired glucose 
tolerance). 


Glucoside: a glycoside that contains glucose as its 
carbohydrate (sugar) moiety (see Glycoside). 


Glutathione: a tripeptide consisting of glutamate, 
cysteine, and glycine. Glutathione is an endoge- 
nous intracellular antioxidant, and is also re- 
quired for some phase II biotransformation reac- 
tions. 


Glycated hemoglobin: glucose-bound hemoglo- 
bin. A test for glycated hemoglobin (Hb1Ac) mea- 
sures the percentage of hemoglobin that is glu- 
cose bound. As glucose remains bound to hemo- 
globin for the life of a red blood cell (about 120 
days), Hb1Ac values reflect blood glucose contro] 
over the past 4 months. 


Glycogen: a large polymer (repeating units) of 
glucose molecules, used to store energy in cells, 
especially muscle and liver cells. 


Glycoside: a compound containing a sugar mole- 
cule that can be cleaved by hydrolysis to a sugar 
and a nonsugar component (aglycone). 


Goiter: enlargement of the thyroid gland. Goiter 
is one of the earliest and most visible signs of io- 
dine deficiency. The thyroid enlarges in response 
to persistent stimulation by thyroid-stimulating 
hormone (TSH). In mild iodine deficiency, this 
adaptative response may be enough to provide 
the body with sufficient thyroid hormone. How- 
ever, more severe cases of iodine deficiency re- 
sult in hypothyroidism. Thyroid enlargement 
may also be caused by factors other than iodine 
deficiency, especially in iodine-sufficient coun- 
tries, such as the United States. 


Goitrogen: a substance that induces goiter for- 
mation by interfering with thyroid hormone pro- 
duction or utilization. 


Gout: a condition characterized by abnormally 
high blood levels of uric acid (urate). Urate crys- 
tals may form in joints, resulting in inflammation 
and pain. They may also form in the kidney and 
urinary tract, resulting in kidney stones. The ten- 
dency to develop elevated blood uric acid levels 
and gout is often inherited. 


GTP: guanosine triphosphate. A high-energy 
molecule required for a number of biochemical 
reactions, including nucleic acid and protein syn- 
thesis (formation). 


Hartnup disease: a genetic disorder resulting in 
defective absorption of the amino acid trypto- 
phan. 


HDL: high-density lipoprotein. HDLs transport 
cholesterol from the tissues to the liver where it 
can be eliminated in bile. HDL-cholesterol is con- 
sidered good cholesterol, because higher blood 
levels of HDL-cholesterol are associated with a 
lower risk of heart disease. 


Hematocrit: the percentage of red blood cells in 
whole blood. 


Heme: compounds of iron complexed in a char- 
acteristic ring structure known as a porphyrin 
ring. 


Hemodialysis: the process of removing blood 
from an artery, removing waste products from 
the blood through dialysis, and returning the 
blood to the body through a vein. Hemodialysis is 
used to treat end-stage renal failure. 


Hemoglobin: the oxygen-carrying pigment in red 
blood cells. 


Hemolysis: rupture of red blood cells. 


Hemolytic anemia: anemia resulting from hemo- 
lysis (the rupture of red blood cells). 


Hemorrhage: excessive or uncontrolled bleeding. 


Hemorrhagic stroke: a stroke that occurs when a 
blood vessel ruptures and bleeds into the brain. 


Hepatitis: literally, inflammation of the liver. 
Hepatitis caused by a virus is known as viral hep- 
atitis. Other causes of hepatitis include toxic 
chemicals and alcohol abuse. 


Hepatocellular carcinoma: the most common 
type of primary liver cancer. 


Hereditary hemochromatosis: a genetic disorder 
that results in iron overload despite normal di- 
etary intake of iron. 


Hereditary spherocytosis: a hereditary form of 
anemia characterized by abnormally shaped red 
blood cells that are spherical and abnormally 
fragile. The increased fragility of these red blood 
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cells leads to hemolytic anemia (anemia caused 
by the rupture of red blood cells). 


Heterodimer: a dimer or complex of two differ- 
ent molecules, usually proteins. 


Heterozygous: possessing two different forms 
(alleles) of a specific gene. 


Histone: protein that binds to DNA and packages 
it into compact structures to form nucleosomes. 


HIV: human immunodeficiency virus. The virus 
that causes AIDS. 


Homocysteine: a sulfur-containing amino acid, 
which is an intermediate in the metabolism of 
another sulfur-containing amino acid, methio- 
nine. Elevated homocysteine levels in the blood 
have been associated with increased risk of car- 
diovascular disease. 


Homodimer: a dimer or complex of two of the 
same molecules, usually a protein. 


Homologous: having the same appearance, 
structure, or evolutionary origin. 


Homozygous: possessing two identical forms (al- 
leles} of a specific gene. 


Hormone: a chemical, released by a gland or tis- 
sue, that affects or regulates the activity of spe- 
cific cells or organs. Complex bodily functions, 
such as growth and sexual development, are 
regulated by hormones. 


Hydrolysis: cleavage of a chemical bond by the 
addition of water. In hydrolysis reactions, a large 
compound may be broken down into smaller 
compounds when a molecule of water is added. 


Hydroxyapatite: a calcium phosphate salt. Hy- 
droxyapatite is the main mineral component of 
bone and teeth, and is what gives them their ri- 
gidity. 


Hydroxylation: a chemical reaction involving the 
addition of a hydroxyl (-OH) group to a com- 
pound. 


Hyperglycemia: an abnormally high blood glu- 
cose concentration; symptoms include increased 
thirst, increased urination, and general fatigue. 


Hyperparathyroidism: excess secretion of para- 
thyroid hormone by the parathyroid glands re- 
sulting in the disturbance of calcium metabo- 
lism. Symptoms may include increased blood 
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levels of calcium (hypercalcemia), decreased 
blood levels of phosphorus, loss of calcium from 
bone, and kidney stone formation. 


Hypertension: high blood pressure. Hypertension 
is defined by the Joint National Committee on 
Prevention, Detection, Evaluation and Treatment 
of High Blood Pressure as a systolic blood pres- 
sure of 140 mmHg or higher and/or a diastolic 
blood pressure of 90 mmHg or higher. 


Hyperthyroidism: an excess of thyroid hormone 
that may result from an overactive thyroid gland 
or nodule, or from taking too much thyroid hor- 
mone. 


Hypoglycemia: an abnormally low blood glucose 
concentration. Symptoms may include nausea, 
sweating, weakness, faintness, confusion, hallu- 
cinations, headache, loss of consciousness, con- 
vulsions, or coma. 


Hypoparathyroidism: a deficiency of parathyroid 
hormone, which may be characterized by low 
blood calcium levels (hypocalcemia). 


Hypothalamus: an area at the base of the brain 
that regulates bodily functions, such as body 
temperature, hunger, and thirst. 


Hypothesis: an educated guess or proposition 
that is advanced as a basis for further investiga- 
tion. A hypothesis must be subjected to an ex- 
perimental test to determine its validity. 


Hypothyroidism: a deficiency of thyroid hor- 
mone that is normally made by the thyroid gland, 
located in the front of the neck. 


Idiopathic: of unknown cause. 


Impaired glucose tolerance: a metabolic state be- 
tween normal glucose regulation and overt dia- 
betes. Impaired glucose tolerance is defined 
medically as a plasma glucose concentration be- 
tween 140 and 199 mg/dL (7.8-11.0 mmol/L) 2h 
after the ingestion of 75 g glucose during an oral 
glucose tolerance test. 


Inflammation: a response to injury or infection, 
characterized by redness, heat, swelling, and 
pain. Physiologically, the inflammatory response 
involves a complex series of events, leading to the 
migration of white blood cells to the inflamed 
area, 


Inflammatory bowel disease: a group of autoim- 
mune diseases that affect the small and large in- 
testines. 


Insoluble: not dissolvable. With respect to bio- 
availability, certain substances form insoluble 
complexes that cannot be-dissolved in digestive 
secretions, and therefore cannot be absorbed by 
the digestive tract. 


Insulin: a peptide hormone secreted by the f cells 
of the pancreas required for normal glucose me- 
tabolism. 


Insulin resistance: diminished responsiveness to 
insulin. 


Insulin sensitive: the ability of tissues to respond 
to insulin. 


Intervention trial: an experimental study (usual- 
ly 4 clinical trial) used to test the effect of a treat- 
ment or intervention on a health- or disease-re- 
lated outcome. 


Intracellular fluid (ICF): the volume of fluid inside 
cells. 


In vitro: literally “in glass,” referring to a test or 
research done in the test tube, outside a living 
organism. 


In vivo: “inside a living organism.” An in vivo as- 
say evaluates a biological process occurring in- 
side the body. 


lon: an atom or group of atoms that carries a pos- 
itive or negative electric charge as a result of hav- 
ing lost or gained one or more electrons. 


lon channel: a protein, embedded in a cell mem- 
brane, that serves as a crossing point for the reg- 
ulated transfer of an ion or a group of ions across 
the membrane, 


Ischemia: a state of insufficient blood flow to a 
tissue. 


Ischemic stroke: a stroke resulting from insuffi- 
cient blood flow to an area of the brain, which 
may occur when a blood vessel supplying the 
brain becomes obstructed by a clot. 


Isomers: compounds that have the same num- 
bers and kinds of atoms but that differ in the way 
that the atoms are arranged. 


Jaundice: a yellowish staining of the skin and 
whites of the eyes due to increased bilirubin (a 
bile pigment) levels in the blood. Jaundice can be 
an indicator of rupture of red blood cells (hemo- 
lysis) or disease of the liver or gallbladder. 


Ketone bodies: any of three acidic chemicals (ac 
etate, acetoacetate, and B-hydroxybutyrate). Ke- 
tone bodies may accumulate in the blood (keto- 
sis) when the body has inadequate glucose to use 
for energy, and must increase the use of fat for 
fuel. Ketone bodies are acidic, and very high lev- 
els in the blood are toxic and may result in keto- 
acidosis. 


Kidney stones: solid masses resulting from the 
crystallization of minerals and other compounds 
found in urine. Common types of kidney stones 
include those composed of calcium oxalate, cal- 
cium phosphate, and urate. Kidney stones may 
form in the kidneys, ureters, or urinary bladder. 


LDL: low-density lipoprotein. LDLs transport cho- 
lesterol from the liver to the tissues of the body. 
Elevated serum LDL-cholesterol is associated 
with increased cardiovascular disease risk. 


Left ventricular hypertrophy (LVH): abnormal 
thickening of the wall of the left ventricle (lower 
chamber) of the heart muscle. The ventricles 
have muscular walls in order to pump blood from 
the heart through the arteries, but LVH occurs 
when the ventricle must pump against abnor- 
mally high volume or pressure loads. LVH may 
accompany congestive heart failure. 


Lens: the transparent structure inside the eye 
that focuses light rays onto the retina (the nerve 
cells at the back of the eye). 


Leukemia: an acute or chronic form of cancer that 
involves the blood-forming organs. Leukemia is 
characterized by an abnormal increase in the 
number of white blood cells in the tissues of the 
body with or without a corresponding increase of 
those in the circulating blood, and is classified ac 
cording to the type of white blood cell most 
prominently involved. 


Leukocytes: white blood cells. Leukocytes are 
part of the immune system. Monocytes, lympho- 
cytes, neutrophils, basophils, and eosinophils are 
different types of leukocytes. 
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Lipid peroxidation: the process by which lipids 
are oxidatively modified; so named because lipid 
hydroperoxides are formed in the process. 


Lipids: a chemical term for fats. Lipids found in 
the human body include fatty acids, phospholip- 
ids, and triglycerides. 


Lipoic acid: a cofactor, essential for the oxidation 
of 2-oxoacids, such as pyruvate, in metabolism. 


Lipoprotein(a) [Lp(a)]: a lipoprotein particle in 
which the protein (apolipoprotein B-100) is 
chemically linked to another protein 
apolipoprotein(a). Increased blood levels of Lp(a) 
are associated with an increased risk of cardio- 
vascular diseases, 


Lipoproteins: particles composed of lipids and 
protein that allow for the transport of lipids 
through the bloodstream. A lipoprotein particle 
is composed of an outer layer of phospholipids, 
which renders it soluble in water, and a hydro- 
phobic core that contains triglycerides and cho- 
lesterol esters. Different types of lipoproteins are 
distinguished by their surface proteins (apopro- 
teins), their size, and the types and amounts of 
lipids that they contain. 


Lumbar spine: the portion of the spine between 
the chest (thorax) and the pelvis. It is commonly 
referred to as the small of the back. 


Lupus: see Systemic lupus erythematosus (SLE). 


Lymphocytes: leukocytes (white blood cells) that 
play important roles in the immune system. 
T lymphocytes (T cells) differentiate into cells 
that can kill infected cells or activate other cells 
in the immune system. B lymphocytes (B cells) 
differentiate into cells that produce antibodies. 


Macrocytic anemia: low red blood cell count, 
characterized by the presence in the blood of 
larger than normal red blood cells. 


Macula: a small area of the retina where vision is 
the sharpest. The macula is located in the center 
of the retina and provides central vision. 


Magnetic resonance imaging (MRI): a special im- 
aging technique that uses a powerful magnet and 
a computer to provide clear images of soft tis- 
sues. Tissues that are well visualized using MRI 
include the brain and spinal cord, abdomen, and 
joints. 
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Malabsorption syndrome: a disease or condition 
that results in poor absorption of nutrients from 
food. 


Malaria: an infectious disease caused by parasitic 
microorganisms of Plasmodium species. Malaria 
can be spread among humans through the sting 
of certain types of mosquitoes (Anopheles sp.) or 
by a contaminated needle or transfusion. Malaria 
is a Major health problem in the tropics and sub- 
tropics, affecting over 200 million people world- 
wide. 


Malignant: cancerous. 


Megaloblastic anemia: low red blood cell count, 
characterized by the presence in the blood of 
large, immature, nucleated cells (megaloblasts) 
that are the forerunners of red blood cells. Red 
blood cells, when mature, have no nucleus. 


Melanin: a dark-brown pigment found in the 
skin. 


Membrane potential: the electrical potential dif- 
ference across a membrane. The membrane po- 
tential is a result of the concentration differences 
between potassium and sodium across cell mem- 
branes that are maintained by ion pumps. A large 
proportion of the body’s resting energy expendi- 
ture is devoted to maintaining the membrane 
potential, which is critical for nerve impulse 
transmission, muscle contraction, heart func 
tion, and the transport of nutrients and metabo- 
lites in and out of cells. 


Menstruation: the cyclic loss of blood by a wom- 
an, from her uterus (womb) when she is not 
pregnant. Menstruation generally occurs every 4 
weeks after a woman has reached sexual matu- 
rity and before the menopause. 


Meta-analysis: a statistical technique used to 
combine the results from different studies to ob- 
tain a quantitative estimate of the overall effect 
of a particular intervention or exposure on a de- 
fined outcome. 


Metabolic syndrome: a combination of medical 
conditions that places one at risk for cardiovascu- 
lar diseases and type 2 diabetes. (Metabolic syn- 
drome is also called metabolic syndrome X, syn- 
drome X, and insulin resistance syndrome.) Diag- 
nostic criteria include the presence of three or 
more of the following conditions: 


e Abdominal obesity (waist circumference: 2 40 
inches [102cm] for men, 235 inches [88cm] 
for women) 

° Elevated triglycerides (> 150 mg/dL) 

> High blood pressure (> 130/85 mmHg) 

e Glucose intolerance/insulin resistance (fasting 
blood glucose > 110 mg/dL) 

e Decreased HDL-cholesterol (<40mg/dL for 
men, <50 mg/dL for women). 

Metabolism: the sum of the processes (reactions) 

by which a substance is assimilated and incorpo- 

rated into the body or detoxified and excreted 
from the body. 


Metabolite: a compound derived from the me- 
tabolism of another compound is said to be a me- 
tabolite of that compound. 


Metastasize: to spread from one part of the body 
to another. Cancer is said to metastasize when it 
spreads from the primary site of origin to a dis- 
tant anatomical site. 


Methionine: a sulfur-containing amino acid, re- 
quired for protein synthesis and other vital meta- 
bolic processes. It can be obtained through the 
diet in protein or synthesized from homocyste- 
ine. 


Methylation: a biochemical reaction resulting in 
the addition of a methyl group (-CH3) to another 
molecule. 


Micronutrient: a nutrient required by the body in 
small amounts, such as a vitamin or mineral. 


Migraine headache: a type of headache thought 
to be related to abnormal sensitivity of blood 
vessels (arteries) in the brain to various triggers, 
resulting in rapid changes in the artery size due 
to spasm (constriction). Other arteries in the 
brain and scalp then open (dilate), and throbbing 
pain is perceived in the head. The tendency to- 
ward migraine appears to involve serotonin, a 
neurotransmitter that can trigger the release of 
vasoactive substances in the blood vessels. 


Mineral: nutritionally significant element. Ele- 
ments are composed of only one kind of atom. 
Minerals are inorganic, that is, they do not con- 
tain carbon as do vitamins and other organic 
compounds, 


Mitochondria: energy-producing structures 
within cells. Mitochondria possess two sets of 
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membranes, a smooth continuous outer mem- 
brane and an inner membrane arranged in folds. 
Among other critical functions, mitochondria 
convert nutrients into energy via the electron 
transport chain. 


mmHg: millimeters of mercury. The unit of mea- 
sure for blood pressure. 


Moiety: a portion of something, such as a func 
tional group of a molecule. 


Mole: the fundamental unit for measuring chem- 
ical compounds (abbreviated mol). One mole 
equals the molecular weight of a compound in 
grams. The number of molecules in a mole is 
equal to 6.02 x 1077 (Avogadro number). 


Monounsaturated fatty acid: a fatty acid with 
only one double bond between carbon atoms. 


Multifactorial: refers to diseases or conditions 
that are the result of interactions between mul- 
tiple genetic and environmental factors. 


Multiple sclerosis (MS): an autoimmune disorder, 
in which the myelin sheaths of nerves in the 
brain and spinal cord are damaged, resulting in 
progressive neurological symptoms. 


Mutation: a change in a gene—in other words, a 
change in the sequence of base-pairs in the DNA 
that makes up a gene. Mutations in a gene may or 
may not result in an altered gene product. 


Myelin: the fatty substance that covers myelinat- 
ed nerves. Myelin is a layered tissue surrounding 
the axons or nerve fibers. This sheath acts as a 
conduit in an electrical system, allowing rapid 
and efficient transmission of nerve impulses, My- 
elination refers to the process in which nerves 
acquire a myelin sheath. 


Myocardial infarction (MI): death (necrosis) of 
heart muscle tissue due to an interruption in its 
blood supply. Commonly known as a heart at- 
tack, an MI usually results from the obstruction 
of a coronary artery by a clot in people who have 
coronary atherosclerosis (heart disease). 


Myocarditis: an inflammation of the heart mus- 
cle. 


Myoglobin: a heme-containing pigment in mus- 
cle cells that binds and stores oxygen. 


Myopathy: any disease of muscle. 


Natural killer (NK) cells: cytotoxic lymphocytes 
important for the innate immune response that 
kills pathogens. NK cells also have important 
roles in killing cancer cells. 


Necrosis: unprogrammed cell death, in which 
cells break open and release their contents, pro- 
moting inflammation. Necrotic cell death may be 
the result of injury, infection, or infarction. 


Neural tube defect (NTD): a birth defect caused 
by abnormal development of the neural tube, the 
structure that gives rise to the central nervous 
system. NTDs include anencephaly and spina bi- 
fida. 


Neurodegenerative diseases: disease resulting 
from the degeneration or deterioration of nerve 
cells (neurons). Alzheimer disease and Parkinson 
disease are neurodegenerative diseases. 


Neurological: or neurologic; involving nerves or 
the nervous system (brain, spinal cord, and all 
sensory and motor nerves). 


Neuropathy: nerve damage or disease. 


Neurotoxic: toxic or damaging to nervous tissue 
(brain and peripheral nerves). 


Neurotransmitter: a chemical that is released 
from a nerve cell and results in the transmission 
of an impulse to another nerve cell or organ (e.g., 
a muscle), Acetylcholine, dopamine, norepineph- 
rine, and serotonin are neurotransmitters. 


Neutrophils: white blood cells that internalize 
and destroy pathogens, such as bacteria. Neutro- 
phils are also called polymorphonuclear leuko- 
cytes because they are white blood cells with 
multilobed nuclei. 


NIH: National Institutes of Health. Administered 
under the US Department of Health and Human 
Services (HHS), the NIH are more than 20 sepa- 
rate institutes and centers devoted to medical 
research. 


Nitric oxide: a gaseous signaling molecule synthe- 
sized from the amino acid arginine by enzymes 
called nitric oxide synthases. In the vascular endo- 
thelium, nitric oxide promotes arterial vasodila- 
tion. 


Nucleic acids: DNA (deoxyribonucleic acid) and 
RNA (ribonucleic acid); long polymers of nucleo- 
tides. 
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Nucleotides: subunits of nucleic acids. Nucleo- 
tides are composed of a nitrogen-containing base 
(adenine, guanine, cytosine, uracil, or thymine), a 
five-carbon sugar (ribose or deoxyribose), and 
one or more phosphate groups. 


Nucleus: a membrane-bound cellular organelle, 
which contains DNA organized into chromo- 
somes. 


Obesity: a condition of increased body fat; de- 
fined as a body mass index (BMI) > 30 for adults. 


Observational study: a study in which no experi- 
mental intervention or treatment is applied. Par- 
ticipants are simply observed over time. 


One-carbon unit: a biochemical term for func 
tional groups containing only one carbon in addi- 
tion to other atoms. One-carbon units transferred 
by folate coenzymes include methyl (-CH;), 
methylene (-—CH,-), formyl (-CH=O), formimino 
(-CH=NH), and methenyl (-CH=). Many biosyn- 
thetic reactions involve the addition of a one- 
carbon unit to a precursor molecule. 


Organelles: specialized components of cells, such 
as mitochondria or lysosomes, so named because 
they are analogous to organs. 


Organic: refers to carbon-containing compounds, 
generally synthesized by living organisms. 


Osteoarthritis: a degenerative joint condition 
that is characterized by the breakdown of articu- 
lar cartilage (cartilage within the joint). 


Osteoblasts: bone cells that are responsible for 
the formation of new bone mineral in the bone 
remodeling process. 


Osteoclasts: bone cells that are responsible for 
the breakdown or resorption of bone in the bone 
remodeling process. 


Osteomalacia: a disease of adults that is charac 
terized by softening of the bones due to loss of 
bone mineral. Osteomalacia is characteristic of 
vitamin D deficiency in adults, while children 
with vitamin D deficiency suffer from rickets. 


Osteoporosis: a condition of increased bone fra- 
gility and susceptibility to bone fracture due to a 
loss of bone mineral density. 


Oxidant: reactive oxygen species. 


Oxidation: a chemical reaction that removes 
electrons from an atom or molecule. 


Oxidative damage: damage to cells caused by re- 
active oxygen species. 


Oxidative stress: a condition, in which the effects 
of prooxidants (e.g., free radicals, and reactive 
oxygen and reactive nitrogen species) exceed the 
ability of antioxidant systems to neutralize them. 


Pancreas: a small organ located behind the stom- 
ach and connected to the duodenum (small in- 
testine). The pancreas synthesizes enzymes that 
help digest food in the small intestine and hor- 
mones, including insulin, that regulate blood glu- 
cose levels. 


Parathyroid glands: glands located behind the 
thyroid gland in the neck. The parathyroid glands 
secrete a hormone called parathyroid hormone 
(PTH) that is critical to calcium and phosphorus 
metabolism. 


Parkinson disease: a disease of the nervous sys- 
tem caused by degeneration of a part of the brain 
called the basal ganglia, as well as by low produc- 
tion of the neurotransmitter dopamine. Symp- 
toms include muscle rigidity, tremors, and slow 
voluntary movement. 


Pathogen: disease-causing agent, such as a virus 
or bacterium. 


Peptic ulcer disease: a disease characterized by 
ulcers or breakdown of the inner lining of the 
stomach or duodenum. Common risk factors for 
peptic ulcer disease include the use of nonsteroi- 
dal anti-inflammatory drugs (NSAIDs) and infec 
tion with Helicobacter pylori. 


Peptide: a chain of amino acids. A protein is made 
up of one or more peptides. 


Peptide hormones: hormones that are proteins, 
as opposed to steroid hormones, which are made 
from cholesterol. Insulin is an example of a pep- 
tide hormone. 


Peripheral neuropathy: a disease or degenerative 
state affecting the nerves of the extremities 
(arms and legs). Symptoms may include numb- 
ness, pain, and muscle weakness. 


Peripheral vascular disease: atherosclerosis of 
the vessels of the extremities, which may result 
in insufficient blood flow or pain in the affected 
limb, particularly during exercise. 


Peritoneal dialysis: a procedure, in which a spe- 
cial dialysis solution is introduced through a tube 


in the peritoneum. The dialysis solution pulls 
waste and extra fluid from the body, when the 
dialysis solution is drained through the same 
tube. The most common form is called continu- 
ous ambulatory peritoneal dialysis and can be 
performed at home without a machine. 


Peritoneum: a membrane that lines the walls of 
the abdominal cavity. 


Pernicious anemia: the end stage of an autoim- 
mune inflammation of the stomach, resulting in 
destruction of stomach cells by one’s own anti- 
bodies. Progressive destruction of the cells that 
line the stomach causes decreased secretion of 
acid and enzymes required to release food-bound 
vitamin B,. Antibodies to intrinsic factor (IF) 
bind to IF, preventing formation of the IF-vitamin 
B,2 complex, further inhibiting vitamin B, ab- 
sorption. 


PET: positron emission tomography. A diagnostic 
imaging technique that uses a sophisticated cam- 
era and computer to produce images of how a 
person's body is functioning. A PET scan shows 
the difference between healthy and abnormally 
functioning tissues. 


pH: a measure of acidity or alkalinity. 


Phagocyte: a specialized cell, such as a macro- 
phage, that engulfs and digests invading micro- 
organisms through the process of phagocytosis. 


Phagocytosis: process by which phagocytes en- 
gulf and digest invading microorganisms and for- 
eign particles. 


Pharmacokinetics: the study of the absorption, 
distribution, metabolism, and elimination of 
drugs and other compounds. 


Pharmacological dose: the dose or intake level of 
a nutrient many times the level associated with 
the prevention of deficiency or the maintenance 
of health. A pharmacological dose is generally as- 
sociated with the treatment of a disease state and 
considered to be a dose at least 10 times greater 
than that needed to prevent deficiency. 


Phase | clinical trial: a clinical trial in a small 
group of people aimed at determining bioavail- 
ability, optimal dose, safety, and early evidence 
of the efficacy of a new therapy. 


Phase II clinical trial: a clinical trial designed to 
investigate the effectiveness of a new therapy in 


Glossary 


larger numbers of people and to further evaluate 
short-term side effects and safety of the new 
therapy. 


Phenylketonuria (PKU): an inherited disorder re- 
sulting in the inability to process the amino acid, 
phenylalanine. If not treated, the disorder may 
result in learning disability. Treatment is a diet 
low in phenylalanine. Newborn infants are 
screened for PKU, in order to determine the need 
for treatment before brain damage occurs. 


Phlebotomy: the removal of blood from a vein. 
Phlebotomy may be used to obtain blood for di- 
agnostic tests or to treat certain conditions, for 
example, iron overload in hemochromatosis. 


Phospholipids: lipids in which phosphoric acid as 
well as fatty acids are attached to a glycerol back- 
bone. Phospholipids are important structural 
components of cell membranes. 


Phosphorylation: the creation of a phosphate de- 
rivative of an organic molecule. This is usually 
achieved by transferring a phosphate group 
(-PO,) from ATP to another molecule. 


Physiological dose: the dose or intake level of a 
nutrient associated with the prevention of defi- 
ciency or the maintenance of health. A physio- 
logical dose of a nutrient is not generally greater 
than that which could be achieved through a con- 
scientious diet, as opposed to the use of supple- 
ments. 


Pigment: a compound that gives a plant or ani- 
mal cell color by the selective absorption of dif- 
ferent wavelengths of light. 


Pituitary: a small oval gland located at the base of 
the brain that secretes hormones regulating 
growth and metabolism. The pituitary gland is 
divided into two separate glands, the anterior 
and posterior pituitary glands, which each se- 
crete different hormones. 


Placebo: an inert treatment that is given to a con- 
trol group while the experimental group is given 
the active treatment. Placebo-controlled studies 
are conducted to make sure that the results are 
due to the experimental treatment, rather than 
another factor associated with participating in 
the study. 


Placenta: the organ that connects the fetus to the 
pregnant woman’s uterus, allowing for the ex- 
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change of oxygen, carbon dioxide, nutrients, and 
waste between woman and fetus. 


Placental abruption: premature separation of the 
placenta from the wall of the uterus. Abruption is 
a potentially serious problem for both the 
woman and fetus. 


Plasma: the liquid portion of blood, in which the 
cells are suspended. Plasma is separated from 
blood cells using a centrifuge. Unlike serum, plas- 
ma retains clotting factors because it is obtained 
from blood that is not allowed to clot. 


Platelet: irregularly shaped cell fragments that 
assist in blood clotting. 


Pneumonia: a disease of the lungs characterized 
by inflammation and accumulation of fluid in the 
lungs. Pneumonia may be caused by infectious 
agents (e.g., viruses or bacteria) or by inhalation 
of certain irritants. 


Polymer: a large molecule formed by combining 
many similar smaller molecules (monomers) ina 
regular pattern. 


Polymorphism: a variant form of a gene. Most 
polymorphisms are harmless and are part of nor- 
mal human genetic variation, but some polymor- 
phisms affect the function of the gene product 
(protein). 


Polyp: a benign (noncancerous) mass of tissue 
that forms on the inside of a hollow organ, such 
as the colon. 


Polyunsaturated fatty acid: a fatty acid with 
more than one double bond between carbons. 


Precursor: a molecule that is an ingredient, reac- 
tant, or intermediate in a synthetic pathway fora 
particular product. 


Pre-eclampsia: a condition characterized by a 
sharp rise in blood pressure during the third tri- 
mester of pregnancy. High blood pressure may be 
accompanied by edema (swelling) and protein- 
uria (protein in the urine). In some cases, un- 
treated pre-eclampsia can progress to eclampsia, 
a life-threatening situation for the woman and 
child. 


Prevalence: the proportion of a population witha 
specific disease or condition at a given point in 
time. 


Prognosis: predicted outcome based on the 
course of a disease. 


Proliferation: rapid cell division. 


Prooxidant: an atom or molecule that promotes 
oxidation of another atom or molecule by accept- 
ing electrons. Examples of prooxidants include 
free radicals, reactive oxygen species, and reac 
tive nitrogen species. 


Prophylaxis: prevention; often refers to a treat- 
ment used to prevent a disease. 


Prospective cohort study: an observational study 
in which a group of people—known as a cohort— 
are interviewed or tested for risk factors (e.g., nu- 
trient intake), and then followed up at subse- 
quent times to determine their status with re- 
spect to a disease or health outcome. 


Prostaglandin: any of a class of hormone-like, 
regulatory molecules constructed from polyun- 
saturated fatty acids such as arachidonate. These 
molecules participate in a number of functions in 
the body, such as smooth muscle contraction and 
relaxation, vasodilation, and regulation of kidney 
function. 


Prostate: a gland in men, located at the base of 
the bladder and surrounding the urethra. The 
prostate produces fluid that forms part of semen. 
If the prostate becomes enlarged it may exert 
pressure on the urethra and cause urinary symp- 
toms. Prostate cancer is one of the most common 
types of cancer in men. 


Prostate-specific antigen (PSA): a compound nor- 
mally secreted by the prostate that can be mea- 
sured in the blood. If prostate cancer is develop- 
ing, the prostate secretes larger amounts of PSA. 
Blood tests for PSA are used to screen for prostate 
cancer and to follow up on prostate cancer treat- 
ment. 


Protein: a complex organic molecule composed 
of amino acids in a specific order. The order is de- 
termined by the sequence of nucleic acids in a 
gene coding for the protein. Proteins are required 
for the structure, function, and regulation of the 
body's cells, tissues, and organs, and each protein 
has unique functions. 


Proteoglycan: a large compound made up of pro- 
tein and polysaccharide units known as glycos- 
aminoglycans (GAGs). GAGs are polymers of sug- 


ars and amino sugars, such as glucosamine and 
galactosamine. Proteoglycans are integral com- 
ponents of structural tissues such as bone and 
cartilage. 


Proton: an elementary particle identical to the 
nucleus of a hydrogen atom, which along with 
neutrons is a constituent of all other atomic nu- 
clei. A proton carries a positive charge equal and 
opposite to that of an electron. 


Psoriasis: A chronic skin condition often resulting 
in a red, scaly rash located over the surfaces of 
the elbows, knees, scalp, and around or in the 
ears, navel, genitals, or buttocks. Approximately 
10%-15% of patients with psoriasis develop joint 
inflammation (psoriatic arthritis). Psoriasis is 
thought to be an autoimmune condition. 


Pyruvate kinase deficiency: a hereditary defi- 
ciency of the enzyme pyruvate kinase. Pyruvate 
kinase deficiency results in hemolytic anemia. 


Quartile: one-fourth of a sample or population. 
Quintile: one-fifth of a sample or population. 


Radiation therapy: the local use of radiation to 
destroy cancer cells or stop them from dividing 
and growing. 


Randomized controlled trial (RCT): a clinical trial 
with at least one active treatment group and a 
control (placebo) group. In RCTs, participants are 
chosen for the experimental and control groups 
at random, and are not told whether they are re- 
ceiving the active or the placebo treatment until 
the end of the study. This type of study design 
can provide evidence of causality. 


Randomized design: an experiment in which 
participants are chosen for the experimental and 
control groups at random, in order to reduce bias 
caused by self-selection into experimental and 
control groups. This type of study design can pro- 
vide evidence of causality. 


RDA: recommended dietary allowance. Estab- 
lished by the Food and Nutrition Board of the In- 
stitute of Medicine, the RDA is the average daily 
dietary intake level of a nutrient sufficient to 
meet the requirements of nearly all healthy indi- 
viduals in a specific life stage and gender group. 


Reactive nitrogen species: highly reactive chemi- 
cals, containing nitrogen, that react easily with 
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other molecules, resulting in potentially damag- 
ing modifications. 


Reactive oxygen species (ROS): highly reactive 
chemicals, containing oxygen, that react easily 
with other molecules, resulting in potentially 
damaging modifications. 


Receptor: a specialized molecule inside or on the 
surface of a cell that binds a specific chemical (li- 
gand). Ligand binding usually results in a change 
in activity within the cell. 


Recessive trait: a trait that is expressed only 
when two copies of the gene responsible for the 
trait are present. 


Rectum: the last portion of the large intestine, 
connecting the sigmoid colon (above) to the anus 
(below). The rectum stores stool until it is evacu- 
ated from the body. 


Redox reaction: another term for an oxidation- 
reduction reaction. A redox reaction is any reac 
tion in which electrons are removed from one 
molecule or atom and transferred to another 
molecule or atom. In such a reaction one sub- 
stance is oxidized (loses electrons) while the 
other is reduced (gains electrons). 


Reduction: a chemical reaction in which a mole- 
cule or atom gains electrons. 


Renal: refers to the kidneys. 


Residue: a single unit within a polymer, such as 
an amino acid within a protein. 


Resorption: the process of breaking down or as- 
similating something. With respect to bone, re- 
sorption refers to the breakdown of bone by os- 
teoclasts that results in the release of calcium 
and phosphate (bone mineral) into the blood. 


Response element: a sequence of nucleotides ina 
gene that can be bound by a protein. Proteins that 
bind to response elements in genes are some- 
times called transcription factors or binding pro- 
teins. Binding of a transcription factor to a re- 
sponse element regulates the production of spe- 
cific proteins by inhibiting or enhancing the tran- 
scription of genes that encode those proteins. 


Retina: the nerve layer that lines the back of the 
eye. In the retina, images created by light are con- 
verted to nerve impulses, which are transmitted 
to the brain via the optic nerve. 
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Retrospective study: An epidemiological study 


` that looks back in time. A retrospective study be- 


gins after the exposure and the disease have oc- 
curred. Most case-control studies are retrospec 
tive. 


Rheumatoid arthritis: a chronic autoimmune dis- 
ease, characterized by inflammation of the syno- 
vial lining of the joints. Rheumatoid arthritis may 
also affect other organs of the body, including the 
skin, eyes, lungs, and heart. 


Ribonucleotide: a molecule consisting of a five- 
carbon sugar (ribose), a nitrogen-containing 
base, and one or more phosphate groups. 


Rickets: often the result of vitamin D deficiency. 
Rickets affects children while their bones are still 
growing. It is characterized by soft and deformed 
bones, and is the result of an impaired incorpora- 
tion of calcium and phosphate into the skeleton. 


RNA: ribonucleic acid; a single-stranded nucleic 
acid composed of many nucleotides. The nucleo- 
tides in RNA are composed of a nitrogen-contain- 
ing base (adenine, guanine, cytosine, or uracil), a 
five-carbon sugar (ribose), and a phosphate 
group. RNA functions in the translation of the ge- 
netic information encoded in DNA to proteins. 


Ruminant: an animal that chews cud. Ruminant 
animals include cattle, goats, sheep, and deer. 


Saturated fatty acid: a fatty acid with no double 
bonds between carbon atoms. 


Scavenge (free radicals): to combine readily with 
free radicals, preventing them from reacting with 
other molecules. 


Scurvy: a disorder caused by lack of vitamin C. 
Symptoms include anemia, bleeding gums, tooth 
loss, joint pain, and fatigue. Scurvy is treated by 
supplying foods high in vitamin C as well as vita- 
min C supplements. 


Seizure: uncontrolled electrical activity in the 
brain, which may produce a physical convulsion, 
minor physical signs, thought disturbances, or a 
combination of symptoms. 


Serotonin: 5-hydroxytryptamine. Serotonin is a 
neurotransmitter that may also function as a va- 
soconstrictor (substance that causes blood ves- 
sels to narrow). 


Serum: the liquid portion of blood, in which the 
cells are suspended. Serum is separated from 


blood cells using a centrifuge. Unlike plasma, se- 
rum lacks clotting factors because it is obtained 
from blood that has been allowed to clot. 


Short bowel syndrome: a malabsorption syn- 
drome resulting from the surgical removal of an 
extensive portion of the small intestine. 


Sickle cell anemia: a hereditary disease in which 
a mutation in the gene for one of the proteins 
that comprises hemoglobin results in the forma- 
tion of defective hemoglobin molecules known 
as hemoglobin S. Individuals who are homozy- 
gous for this mutation (possess two genes for he- 
moglobin S) have red blood cells that change 
from the normal discoid shape to a sickle shape 
when the oxygen supply is low. These sickle- 
shaped cells are easily trapped in capillaries and 
damaged, resulting in severe anemia. Individuals 
who are heterozygous for the mutation (possess 
one gene for hemoglobin S and one normal he- 
moglobin gene) have increased resistance to ma- 
laria. 


Sideroblastic anemia: a group of anemias that are 
all characterized by the accumulation of iron de- 
posits in the mitochondria of immature red blood 
cells. These abnormal red blood cells do not ma- 
ture normally, and many are destroyed in the 
bone marrow before reaching the circulation. 
Sideroblastic anemias can be hereditary, idio- 
pathic (unknown cause), or caused by such di- 
verse factors as certain drugs, alcohol, or copper 
deficiency. 


Small intestine: the part of the digestive tract 
that extends from the stomach to the large intes- 
tine. The small intestine includes the duodenum 
(closest to the stomach), jejunum, and ileum 
(closest to the large intestine). 


Sorbitol: the polyol (sugar alcohol) correspond- 
ing to glucose. 


Spina bifida: a birth defect, also known as a neu- 
ral tube defect, resulting from failure of the lower 
end of the neural tube to close during embryonic 
development. Spina bifida, the most common 
cause of infantile paralysis, is characterized by a 
lack of protection of the spinal cord by its mem- 
branes and vertebral bones. 


Sprue: also known as celiac sprue and celiac dis- 
ease, it is an inherited disease in which the intes- 
tinal lining is inflamed in response to the inges- 
tion of a protein known as gluten. Treatment of 
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celiac disease involves the avoidance of gluten, 
which is present in many grains, including wheat, 
rye, oats, and barley. Inflammation and atrophy 
of the lining of the small intestine lead to im- 
paired nutrient absorption. 


Status: the state of nutrition of an individual 
with respect to a specific nutrient. Diminished or 
low status indicates inadequate supply or stores 
of a specific nutrient for optimal physiological 
functioning. 


Stenosis: obstruction or narrowing of a passage. 
Coronary stenosis refers specifically to obstruc 
tion or narrowing of a coronary artery, which 
supplies blood to the heart muscle (myocardi- 
um). 


Steroid: a molecule related to cholesterol. Many 
important hormones, such as estrogen and tes- 
tosterone, are steroids. 


Steroid hormone receptor: a protein within a cell 
that binds to a specific steroid hormone. Binding 
of the steroid hormone changes the shape of the 
receptor protein and activates it, allowing it to 
activate gene transcription. In this way, a steroid 
hormone can activate the synthesis of specific 
proteins. 


Stress fracture: a hairline or microscopic break in 
a bone, usually due to repetitive stress rather 
than trauma. Stress fractures are usually painful, 
and may be undetectable by X-ray. Although they 
may occur in almost any bone, common sites of 
stress fractures are the tibia (lower leg) and 
metatarsals (foot). 


Stroke: damage that occurs to a part of the brain 
when its blood supply is suddenly interrupted 
(ischemic stroke) or when a blood vessel rup- 
tures and bleeds into the brain (hemorrhagic 
stroke). A stroke is also called a cerebrovascular 
accident. 


Subclinical: without clinical signs or symptoms; 
sometimes used to describe the early stage of a 
disease or condition, before symptoms are de- 
tectable by clinical examination or laboratory 
tests. 


Substrate: a reactant in an enzyme-catalyzed re- 
action. 


Supplement: a nutrient or phytochemical sup- 
plied in addition to that which is obtained in the 
diet. 


Syndrome: a combination of symptoms that oc 
cur together and is indicative of a specific condi- 
tion or disease. 


Synergistic: when the effect of two treatments 
together is greater than the sum of the effects of 
the two individual treatments, it is said to be 
synergistic. 


Synthesis: the formation of a chemical compound 
from its elements or precursor compounds. 


Systematic review: a structured review of the lit- 
erature designed to answer a clearly formulated 
question. Systematic reviews use systematic and 
explicitly predetermined methods to identify, se- 
lect, and critically evaluate research relevant to 
the question, and to collect and analyze data 
from the studies that are included in the review. 
Statistical methods, such as meta-analysis, may 
be used to summarize the results of the included 
studies. 


Systemic lupus erythematosus (SLE): a chronic 
autoimmune disease, characterized by inflam- 
mation of the connective tissue. SLE is more com- 
mon in women than men, and the disease may 
result in inflammation and damage to the skin, 
joints, blood vessels, lungs, heart, and kidneys. 


Systolic blood pressure: the highest arterial pres- 
sure measured during the heart beat cycle, and 
the first number in a blood pressure reading (e.g., 
120 in 120/80). 


Tannins: any of a large group of plant-derived 
compounds. Tannins tend to be bitter tasting and 
may function in pigment formation and plant 
protection. 


Tetany: a condition of prolonged and painful 
spasms of the voluntary muscles, especially the 
fingers and toes (carpopedal spasm) as well as 
the facia] musculature. 


Thalassemia major: $-thalassemia is a genetic 
disorder that results in abnormalities of the glo- 
bin (protein) portion of hemoglobin. An individ- 
ual who is homozygous for the f-thalassemia 
gene (has two copies of the §-thalassemia gene) 
is said to have thalassemia major. Infants born 
with thalassemia major develop severe anemia a 
few months after birth, accompanied by pallor, 
fatigue, poor growth, and frequent infections. 
Blood transfusions are used to treat thalassemia 
major but cannot cure it. 
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Thalassemia minor: individuals who are hetero- 
zygous for the B-thalassemia gene (carry one 
copy of the B-thalassemia gene) are said to have 
thalassemia minor or thalassemia trait. These in- 
dividuals are generally healthy but can pass the 
B-thalassemia gene to their children and are said 
to be carriers of the B-thalassemia gene. 


Threshold: the point at which a physiological ef- 
fect begins to be produced, for example, the de- 
gree of stimulation of a nerve that produces a 
response or the level of a chemical in the diet that 
results in a disease. 


Thyroid: a butterfly-shaped gland in the neck 
that secretes thyroid hormones. Thyroid hor- 
mones regulate a number of physiological pro- 
cesses, including growth, development, metabo- 
lism, and reproductive function. 


Thyroid follicular cancer: a cancer of the thyroid 
gland that constitutes about 30% of all thyroid 
cancers. lt has a greater rate of recurrence and 
metastases (spreading to other organs) than thy- 
roid papillary cancer. 


Thyroid papillary cancer: the most common form 
of thyroid cancer, which most often affects wom- 
en of childbearing age. Thyroid papillary cancer 
has a lower rate of recurrence and metastases 
(spreading to other organs) than thyroid follicu- 
lar cancer. 


Topical: applied to the skin or other body surface. 


Total parenteral nutrition (TPN): intravenous 
feeding that provides patients with essential nu- 
trients when they are too ill to eat normally. 


Transcription (DNA transcription): the process by 
which one strand of DNA is copied into a comple- 
mentary sequence of RNA. 


Transcription factor: a protein that functions to 
initiate, enhance, or inhibit the transcription of a 
gene. Transcription factors can regulate the for- 
mation of a specific protein encoded by a gene. 


Trans fat: hydrogenated or partially hydrogenat- 
ed oils. 


Transient ischemic attack (TIA): sometimes called 
a small or mini-stroke. TIAs are caused by a tem- 
porary disturbance of blood supply to an area of 
the brain, resulting in a sudden, brief (usually 
less than 1 hour) disruption in certain brain 
functions. 


Translation (RNA translation): the process by 
which the sequence of nucleotides in a messen- 
ger RNA molecule directs the incorporation of 
amino acids into a protein. 


Trauma: an injury òr wound. 


Tremor: trembling or shaking of all or part of the 
body. 


Triglycerides: lipids consisting of three fatty acid 
molecules bound to a glycerol backbone. Triglyc- 
erides are the principal form of fat in the diet, 
although they are also synthesized endogenous- 
ly. Triglycerides are stored in adipose tissue and 
represent the principal storage form of fat. Ele- 
vated serum triglycerides are a risk factor for car- 
diovascular disease. 


Tuberculosis (TB): an infection caused by bacteria 
called Mycobacterium tuberculosis. Many people 
infected with TB have no symptoms because it is 
dormant. Once active, tuberculosis may cause 
damage to the lungs and other organs. Active TB 
is also contagious and is spread through inhala- 
tion. Treatment of TB involves taking antibiotics 
and vitamins for at least 6 months. 


Typhoid: an infectious disease, spread by the con- 
tamination of food or water supplies with the 
bacterium called Salmonella typhi. Food and wa- 
ter can be contaminated directly by sewage or 
indirectly by flies or poor hygiene. Although rare 
in the United States, it is common in some parts 
of the world. Symptoms include fever, abdominal 
pain, diarrhea, and a rash. It is treated with anti- 
biotics and intravenous fluids. Vaccination is rec 
ommended to those traveling to areas where ty- 
phoid is common. 


UL: tolerable upper intake level. Established by 
the Food and Nutrition Board of the US Institute 
of Medicine, the UL is the highest level of daily 
intake of a specific nutrient likely to pose no risk 
of adverse health effects in almost all individuals 
of a specified age. 


Ulcerative colitis: a chronic inflammatory disease 
of the colon and rectum. Symptoms of ulcerative 
colitis include abdominal pain, cramping, and 
bloody diarrhea. 


Ultrasonography: a test in which high-frequency 
sound waves (ultrasound) are bounced off tissues 
and the echoes are converted into a picture (so- 
nogram). 
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Vascular dementia: dementia resulting from 
cerebrovascular disease, for example, a cerebro- 
vascular accident (stroke). 


Vascular endothelium: the single cell layer that 
lines the inner surface of blood vessels. Healthy 
endothelial function promotes vasodilation and 
inhibits platelet aggregation (clot formation). 


Vasoconstriction: narrowing of a blood vessel. 


Vasodilation: relaxation or opening of a blood 
vessel. 


Vertebral: of or pertaining to a vertebra; one of 
the 23 bones that make up the spine. 


Vesicle: literally a small bag or pouch. Inside a 
cell, a vesicle is a small organelle surrounded by 
its own membrane. 


Virulent: marked by a rapid, severe, or damaging 
course. 


Virus: a Microorganism, which cannot grow or 
reproduce apart from a living cell. Viruses invade 
living cells and use the synthetic processes of in- 
fected cells to survive and replicate. 


Vitamin: an organic (carbon-containing) com- 
pound necessary for normal physiological func 
tion that cannot be synthesized in adequate 
amounts, and must therefore be obtained in the 
diet. 


Xenograft: a transplant of tissue from a donor of 
one species to a recipient of another species. 


Zollinger-Ellison syndrome: a rare disorder 
caused by a tumor called a gastrinoma, most of- 
ten occurring in the pancreas. The tumor secretes 
the hormone gastrin, which causes increased 
production of gastric acid, leading to severe re- 
current ulcers of the esophagus, stomach, and 
the upper portions of the small intestine. 
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The Linus Pauling Institute Prescription for Health 


Healthy Eating 


Eat four servings (2 cups) of fruit and five serv- 
ings (24% cups) of vegetables daily, but don't 
include potatoes in your tally. 

To increase your intake of omega-3 fatty acids, 
eat fish twice weekly and consume foods rich 
in a-linolenic acid, such as walnuts, flaxseeds, 
and flaxseed or canola oil. 

Choose oils rich in unsaturated fats for cooking 
and salad dressings, such as soy, corn, safflow- 
er, and olive oil, and choose nuts (except Brazil 
nuts) for snacks. 

Reduce your intake of foods high in saturated 
fat, such as red meat and whole-fat dairy prod- 
ucts (butter, whole milk, and full-fat yogurt or 
cheese). 

To reduce your exposure to food-borne carcin- 
ogens, avoid smoked or cured foods and 
charred or seared fish, meat and poultry. 
Reduce your intake of white potatoes, white 
flour, and white rice by substituting whole- 
grain products, such as whole-wheat flour and 
pasta, whole-grain breads and cereals, and 
brown rice. 

Avoid highly processed, nutrient-poor foods, 
such as cookies, candies, chips, crackers, soft 
drinks, and sugar-coated breakfast cereals, that 
are typically high in sugar, hydrogenated 
(trans) fat*, or sodium. 


Healthy Lifestyle 


e Aim for a healthy weight. Becoming overweight 
(BMI 25-29.9) or obese (BMI 230) increases the 
risk for many chronic diseases. Having too 
much abdominal fat (waist circumference 
> 40in [101.6 cm] for men and > 35in (76.2 cm] 
for women) also increases disease risk. If you 
are at risk for obesity-associated diseases, even 
a relatively small weight loss (10% of your cur- 
rent weight) can help lower your risk. 


“The “Nutrition Facts” label of processed foods containing 
less than 0.5 g of trans fat per serving will list trans fat as 
zero (0g), or a footnote is added stating “Not a significant 
source of trans fat.” The list of ingredients of these foods 
will show trans fat as “partially hydrogenated vegetable 
oil” or “shortening.” 


¢ Accumulate a minimum of 30 minutes of mod- 
erate—-intensity exercise most days of the week. 
Most people can realize additional health ben- 
efits by increasing the duration of moderate- 
intensity exercise to an average of 60 minutes 
daily or by engaging in more vigorous physical 
activity. To improve muscular strength and bal- 
ance and minimize bone loss, include strength- 
building activities, such as weight lifting, at 
least twice a week. 

If you smoke, make every effort to quit. Even if 
you have smoked for many years, quitting will 
result in dramatically decreased risk for chron- 
ic diseases. 

Moderate alcohol consumption is associated 
with reduced risk for cardiovascular diseases, 
but increased risk for some cancers. If you 
drink alcohol, limit your consumption to one 
alcoholic drink per day for women and two for 
men. Avoid alcohol if you have a personal or 
family history of breast or colon cancer or alco- 
holism. 


Supplements 


Multivitamins/minerals. Take a multivitamin/ 

mineral supplement with 100% of the daily value 

(DV) for most vitamins and essential minerals, 

keeping the following suggestions in mind: 

e Iron: In general, men and postmenopausal 
women should take a multivitamin/mineral 
supplement without iron. 

e Vitamin A: Look for a multivitamin/mineral 
supplement containing no more than 2500IU 
(750ug) of vitamin A or, if unavailable, a 
multivitamin/mineral supplement containing 
5000 IU vitamin A, of which at least 50% comes 
from B-carotene. 


Vitamin C. Aim for a daily intake of at least 
400 mg. Multivitamins/minerals usually provide 
60 mg of vitamin C, and five servings of fruit and 
vegetables provide about 200 mg. A 250-mg sup- 
plement taken twice daily will ensure near-max- 
imal plasma concentrations in healthy people. 


Vitamin D. Take 2000 IU (50 ug) of supplemental 
vitamin D daily. Most multivitamins/minerals 
50 ug contain 400 IU vitamin D, and single-ingre- 
dient vitamin D supplements are available for 
additional supplementation. 


Vitamin E. Take a supplement of 200 IU (133 mg) 
of natural source a-tocopherol (d-a-tocopherol) 
daily with a meal. If you are prone to bleeding or 
take anticoagulant drugs, consult your physician. 


Calcium. No multivitamin/mineral supplement 
contains 100% of the DV for calcium. If your total 
calcium intake doesn’t add up to 1000 mg, take 
an extra calcium supplement (combined with 
magnesium—see below) with a meal to make up 
the difference. 
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Magnesium. No multivitamin/mineral supple- 
ment contains 100% of the DV for magnesium. If 
you don’t eat plenty of green leafy vegetables, 
whole grains, and nuts, you are likely not getting 
enough magnesium from your diet. If you add a 
magnesium supplement, take a combined sup- 
plement with calcium containing 133-250 mg of 
magnesium and 333-500 mg of calcium with a 
meal. 


Fish oil. If you don’t regularly consume fish, con- 
sider taking a 2-g fish-oil supplement several 
times a week. If you are prone to bleeding or take 
anticoagulant drugs, consult your physician. 


Lipoic acid and L-carnitine. Healthy adults over 
the age of 50 may consider a daily supplement of 
200-400 mg of a-lipoic acid and 500-1000 mg of 
acetyl-L-carnitine. 
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catecholamines 251 
celiac disease 160, 245, 251 
cell differentiation 83-84 
cell membrane 251 
membrane potential 196, 196, 
214, 214 
cell migration 169 
cell signaling 115, 169, 251 
cerebrovascular disease 251 
ceruloplasmin 135, 136 


cardiovascular disease and 137, 


138 
cervical intraepithelial neoplasia 
(CIN) 251 


chemotherapy 251 
children 
calcium recommendations 125 
iodine deficiency 151 
iron deficiency 159 
impaired intellectual deve- 
lopment and 161 
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cobalamin 60 
see also vitamin B2 
coenzyme 252 
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complement 252 
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molybdenum 188-189 
gastroesophageal reflux disease 
(GERD) 256 
gene expression 256 
copper role 136 
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vitamin E and 102-103 
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hypophosphatemia 192 
hypothalamus 258 
hypothyroidism 149, 151, 258 
congenital 150, 252 
hypoxia 157 
hypoxia inducible factors (HIFs) 
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selenium role 206 
vitamin A role 44 
vitamin B, role 54 
vitamin C role 74 
vitamin Drole 84 
vitamin E role 99 
infectious disease 
iron and 161-162 
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deficiency 116, 170 
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manganese 179-184 
adequate intake 180, 180 
deficiency 180 
disease prevention 180-181 
diabetes mellitus 181 
osteoporosis 181 
seizure disorders 181 
drug interactions 184 
function 179 
individuals with increased 
susceptibility 183-184 
nutrient interactions 179-180, 
237-238 
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penicillamine 140, 231, 242 
peptic ulcer disease 262 
peripheral neuropathy 36, 97, 
262 
peripheral vascular disease 262 
pernicious anemia 60-61 
phenothiazine derivative interac- 
tions 240 
phenylketonuria (PKU) 263 
phenytoin 242 
phlebotomy 263 6 
phosphorus 191-195 
bone health and 191-192 
calcium balance and 117, 191, 
192 

deficiency 192 

drug interactions 194-195 

function 191 

nutrient interactions 191-192, 
238 

RDA 193, 193 

recommendations 195 

sources 193, 194 

tolerable upper intake level 
194 

toxicity 193-194 

phosphorylation 263 

phylloquinone 107, 112 
see also vitamin K 

phytic acid 122, 163 

pituitary 263 

placebo 263 

placenta 263-264 

placental abruption 11, 264 

plasma 264 

Plasmodium falciparum 227 

Plummer-Vinson syndrome 159 

pneumonia 264 
susceptibility in children, zinc 

and 227 
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folic acid benefits 10-11, 15 
gestational diabetes 131-132 
iodine deficiency 151 
iron deficiency 159 
pregnancy complications and 
161 
nausea and vomiting treatment 
56 
pregnancy-induced hypertensi- 
on, calcium and 120 
vitamin A safety 48-49 
zine deficiency 227-228 
premature delivery 11 
premenstrual syndrome (PMS) 
treatment 
calcium 121 
vitamin Bg 55-56, 247 
prooxidant 264 
iron function 157 
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